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The objective of this research is to develop a new and innovative method of hops analysis,
which is much faster than standard testing methods, as well as reduce the amount of consumables
and solvent used. A detailed discussion on the development of an ambient ionization mass
spectrometry method called paper spray (PS-MS) and leaf spray (LS-MS) mass spectrometry will be
presented. This research investigates the use of PS-MS and LS-MS techniques to determine the
α- and β- acids present in hops. PS-MS and LS-MS provide a fast way to analyze hops samples by
delivering data as rapidly as a UV-Vis measurement while providing information similar to lengthy
liquid chromatographic separations.
The preliminary results shown here indicate that PS-MS could be used to determine
cohumulone and α/β ratios. A low cohumulone ratio is desirable for brewers to prevent a harsh
bitterness in beer flavor. The α/β ratio is also important for brewers because during the aging
process of hops, the bittering potential of α- acids decreases while it increases for β- acids. Leaf
spray suffers from low reproducibility and poor quantitative performance but should prove useful
for rapid qualitative analysis.
A separate aspect of this research involves investigating if hops varieties could be typified
using PCA analysis of PS-MS or LS-MS data. Good grouping of hops varieties were observed for
samples of the same variety from different sources and in different stages of processing. An attempt
was made to develop a fingerprint database of PS-MS and LS-MS data to provide an alternative
approach for differentiating and identifying hops varieties
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CHAPTER 1
INTRODUCTION
1.1. Statement of Problem
The Pacific Northwest grows most of the supply of U.S. hops. More than 31,000 acres of
commercial hops produced 65.5 million pounds of hops in 2010, constituting approximately threequarters of the nation’s crop.1 In Michigan there are an estimated 80 to 90 acres of hops, mostly in
the Traverse City area. In 2011, Michigan sold more than 14,000 pounds of fresh and pelletized
hops.1 In southwest Michigan, hops growing companies are developing, including Hop Head Farms
in Plainwell, and the Michigan Hops Alliance, to support local brewing industries. Recently,
Michigan Department of Agriculture has allocated $74,000 to the Michigan Brewers Guild, to
expand hops agriculture development across the state. The Michigan Brewers Guild was established
to "unify the community of brewers, to increase the sale of Michigan Craft Beer, to contribute
culturally and economically through the state, and to monitor and assure a healthy brewing
industry." 2
Recent hop shortages, growing appeal for specialty beers, and the desire for organic and
locally sourced agricultural products have resulted in increasing interest in local hop production.1
Given this defined need, Michigan has created a niche in hops agricultural production, supplying for
local microbrewers. However, it will never be able to compete with the large-scale production of
hops in the northwest. This increased popularity in local microbrewing has generated a need for
fast, easy and economical hops analysis. Currently, hops testing requires sending samples to
California, which has long turnaround times and also may impose uneconomical costs on the local
brewer. To address this problem we are setting up a laboratory at WMU to do hops testing locally.
The standard hops testing protocols call for large volumes of toxic solvents such as toluene
to be used and the test procedures are labor intensive. In addition, standard methods suffer from
relatively poor precision and accuracy. We are proposing to develop a new method for the analysis
of hops, which is faster, cheaper, and easier than the conventional process of hops analysis. This
research will benefit hops growers everywhere but in particular small-scale hops farmers and
microbreweries who otherwise would not be able to bear the burden of costly testing services.
These new methods (PS-MS and LS-MS) could be applied to other biological applications, including
detection of compounds on other substrates. For example, a biologist might be interested in
determining if a specific compound is present in a leaf, or in which area of the plant this compound
resides.
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1.2. Significance of Research
The objective of this study is to develop a new and innovative method of hops analysis,
which is much faster than standard testing methods, as well as reduce the amount of consumables
used. This report will discuss in detail the development of an ambient ionization mass spectrometry
method called paper spray (PS-MS) and leaf spray (LS-MS) mass spectrometry. This research will
benefit local hops growers and microbrewers, and also the scientific community, as this is the first
time that these methods have been employed to analyze hops. PS-MS and LS-MS provide a fast way
to analyze local hops samples, and is necessary to preserve the highly sensitive nature of the acid
content in hops, which are subject to rapid oxidation and degradation in the presence of light.3
This research reflects the use of PS-MS and LS-MS techniques to determine the α- and βacids present in hops. We have shown that PS-MS and LS-MS can be used to determine
cohumulone ratio (α- acid) =

and α/β ratio. A low cohumulone

ratio is desirable for brewers because higher cohumulone content will lend itself to a harsher beer
flavor. The α/β ratio is also important for brewers because during the aging process of hops, the
bittering potential of α- acids decreases and increases for β- acids.4
A separate aspect of this research involves typifying hops varieties using PCA analysis, and
also creating a direct analysis PS-MS and LS-MS fingerprint database. There is currently no
comprehensive database for hops varieties by direct mass spectrometry analysis, so this research
will provide an innovative approach for differentiating and identifying hops varieties.
LS-MS is a much faster method compared to the standard methods because sample
preparation steps can be avoided, such as homogenizing the plant material by grinding or other
physical methods, extracting the compounds, and then filtering prior to analysis. Typical extraction
protocols can use large volumes or solvents from 10 mL to 500 mL. LS-MS and PS-MS require only a
fraction of that amount of solvent. Using large amounts of solvents can incur copious costs,
including purchasing costs, and disposal of solvent waste costs. By limiting the solvent use in these
analyses, we are being socially responsible by working towards a sustainable environment.
1.3. Specific Research Goals
The goals of this research project are as follows:
1. Develop new paper spray (PS) and leaf spray (LS) mass spectrometry methods.
A new mass spectrometry technique was recently introduced called paper spray (PS-MS).5 In PS-MS,
a small isosceles triangle is cut from a suitable paper. Usually, the analyte is dissolved in a solvent
and a small amount of the diluted sample (< 10 μmol/L) is deposited onto the paper and allowed to
dry. The apex of the triangle is placed 5 mm from MS inlet. A small aliquot of solvent (10 to 50 μL)
is placed on triangle and a high spray voltage (3-5 kV) is applied. An alternative method for plant
material analysis is to cut a leaf directly into a triangle. In Leaf Spray6,6a the leaf can be analyzed
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directly in the same manner as paper spray, without the need for sample preparation. The results of
the method development can be found in Chapter 4.
2. Compare PS-MS and LS-MS results to American Society of Brewing Chemists (ASBC)
standard spectroscopy method.
PS-MS and LS-MS methods were compared for accuracy, reproducibility, signal stability, and ease of
use by monitoring the α- and β-acid content in hops. The α- and β-acid content obtained by PS-MS
and LS-MS were compared to that from standard ASBC methods. The results from the standard
methods of analysis for all of the hops varieties used in the study can be found in Chapter 3.
3. Develop methods for differentiating between hops varieties:
a) Use principal component analysis (PCA) to determine which components have the
most significance differentiating varieties.
b) Provide a comprehensive direct analysis MS fingerprint database of a large number
of varieties.
Many different Michigan hops varieties, in either pellet or leaf form, and from different sources,
were analyzed by PS-MS and LS-MS. From this data, a PCA analysis was performed, and successful
differentiation of the varieties was achieved. The direct analysis fingerprint database was also
generated, and these findings are shown in Chapter 5.
The results and discussions presented here will show the important parameters that should
be optimized in PS-MS and LS-MS methods, and preliminary data will be presented that will set the
scene for future work in the analysis of hops.
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CHAPTER 2
LITERATURE REVIEW
2.1. Composition of Hops
Natural products can be very complex samples, and are composed of many different
chemical groups. The female hop flower is the desirable sex, due to containing the highest
abundance of hops resins, essential oils, and polyphenols. Males are avoided in hops yards to
prevent the formation of seeds. Figure 2.1 shows the distribution of the types of compounds that
are present in hops. The largest group is composed of cellulose (40.0%), followed by proteins and
resins (15%). However, the three groups that are of most interest due to their brewing assets,
antimicrobial characteristics, antioxidant capacity, and varietal markers include:
a) hops resins (including α-and β-acids)
b) hops essential oils
c) hops polyphenols
The discussion on the composition of hops will primarily focus on these three subcategories
of compounds. Also listed in Figure 2.1 is a cross-section of a hop cone, which shows the strig,
bracteol, bract, and lupulin glands.

Figure 2.1. Composition of a typical hops plant. a) the molecular composition, and b) description
of the hop cone morphology.1
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2.1.1. Hops Resins Containing α- and β-acids
The hops acids are a very important class of compounds to the brewer, and can compose up
to 30% of the total dried weight of a female hops plant. These α- acids are secreted in extracellular
organs called lupulin glands, which are small yellow glands coating the surface of the hops bracts.2
The α- and β-acids are weak organic acids and are only slightly soluble in water, and give beer a
pleasant bitter taste.3 The predominant hops bittering acids are considered the α-acids, which are
the precursors of the iso-α-acids, the bittering compounds in beer. The α-acids are composed of
three analogs: co-humulone, n-humulone, and ad-humulone. Similarly the β-acids are also
composed of three analogs: co-lupulone, n-lupulone, and ad-lupulone. These analogs differ only in
the nature of the C2 (carbon number 2 on the ring, numbering is designated by starting with the
highest priority group, in this case a carbonyl) side chain due to their biogenetic incorporation of
three different amino acid residues: valine, leucine and isoleucine respectively.4 The structures of
the α- and β-acids are shown in Figure 2.2.
α-acids pKa ~4.0 to 5.5
3 hydroxyl, 2 prenyl, & 1 carbonyl group
H3C

HO
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group

CH3

CH3
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CH3

HO

OH

HO

H3C

H3C

O
O

H3C

CH3

OH

H3C

O

OH

H3C

CH3

CH3

n-Humulone
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2 hydroxyl, 3 prenyl, & 1 carbonyl group
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CH3
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Figure 2.2. Chemical structures of α-acids (n-humulone, adhumulone and cohumulone), and βacids (n-lupulone, ad-lupulone, and colupulone).
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The addition of the prenyl side chain on the lupulones in place of the C2 hydroxyl group on
the humulones has a large impact on their chemical properties, in particular their behavior in the
wort during the boiling process. The humulones (α-acids) have pKa’s of ~4.0-5.5 and rapidly
isomerize into iso-α-acids in the wort during the boiling process,5 and are important in the bittering
flavor profile of beer. The lupulones (β-acids) do not undergo isomerization upon heating, however
they are subject to extensive oxidative degradation, mainly at the double bond of the prenyl side
chains. The β-acids do not significantly contribute to the beer's taste, however, some of the β-acids
can isomerize to add a slight bitterness flavor. Two different types of hops varieties exist: bittering
hops and aroma hops. Bittering hops have a high amount of α-acids, while aroma hops have a higher
amount of β-acids. This leads to the importance of the α/B ratio, so the brewer can select the hop
variety based on the desired flavor. A hops variety manual can be referenced for these ratios, and
other important variety characteristics are listed here, including percent α- and β-acids, cohumulone
ratio, and composition of essential oils. The cohumulone ratio is defined by the amount of
cohumulone per total α-acid amount. A low cohumulone ratio is preferred, due to the belief that
cohumulone contributes to a harsher bittering power. These compounds are commonly detected
by HPLC-UV/Vis, HPLC-MS, ESI-MS, or UV/Vis.
Isohumulones are key players in the organoleptic profile of beer, and contribute to the
bitterness in beer. These iso-α-acids are much more soluble in the aqueous matrix than their α-acid
precursors. Typically, the concentration of isohumulones in beer is 10-100 mg/L, but the bitterness
is often less in beer compared to water because of masking by other compounds including
carbohydrates and proteins.6 Humulones undergo thermal isomerization via an acyloin-type ring
contraction, where a six membered ring contracts to a five membered ring structure. 7 Each
humulone gives rise to two isomers; denoted cis- and trans-, depending on the spatial arrangement
of the tertiary alcohol at C4 and the prenyl group at C5. The cis-humulones are more
thermodynamically stable, and also have a higher bittering potential than the trans isomer.7 The
utilization of the humulones in the brewing process is very low, 25-35%, due to the acidy (pH 5.05.5) of the wort. In addition, the solubility of the humulones is very low and the isomerization is less
efficient compared to alkaline conditions (pH 10-11).7 Divalent cations such as magnesium can
increase the isomerization rate. Isohumulones have a tendency to form supermolecular compounds
with proteins, via hydrogen bonding and hydrophobic interactions.8 Their amphiphilic character
allows for crosslinking with proteins, and therefore promoting beer foam stability. It was also found
that humulone will undergo a regioselective rearrangement upon photo irradiation at 350 nm.9 This
light sensitivity of isohumulones contributes to the light struck flavor of beer.9 Isohumulones also
inhibit the growth of Gram-positive bacteria.10
2.1.2. Hops Essential Oils
The hop essential oils make up only a small portion of hops composition (0.5-3.0% v/w), and
consists of up to 300 different compounds.11 The hops essential oils are volatile compounds and
give beer its specific aroma. The oils can be separated into a hydrocarbon fraction (40-80% of total
oil) and an oxygenated fraction.12 The hydrocarbon fraction is composed of the monoterpene β-
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myrcene, the sesquiterpenes β-caryophyllene, α-humulene, and β-farnesene. α-Humulene is
responsible for the pleasant smell of hops.12 The sesquiterpenes are highly reactive, and give rise to
many oxidized terpenes in the oxygenated fraction. During the brewing process, many constituents
of the hops oil are lost or transformed. The sesquiterpenes are highly subject to auto-oxidation, due
to formation of epoxides. The essential oils are usually detected by GC-FID, or GC-MS.
2.1.3. Polyphenols
Undoubtedly, the most complex group of compounds in hops includes polyphenols,
although they constitute only 3-6% w/w of total weight of dried female hops cones. These can be
divided into four major groups: The proanthocyanidins which are a mixture of monomer, dimers,
and oligomers consisting of catechin units. The phenolic acids includes hydroxybenzoic acids and
cinnamic acids. The largest class of polyphenols in hops consists of the flavanols, quercetin and
caempherol, which exist mainly as glycosides.13 The last group of polyphenolic compounds are the
chalcones, which are prenylated flavanones of 6-prenylnaringenin(6-PN) and 8-prenylnaringenin(8PN), formed by a Michael addition reaction with xanthohumol (XN) and desmethylxanthohumol
(DMX) respectively.14 Interestingly, 8-PN was shown to be the most potent phytoestrogen known.15
Table 2.1 shows the structures of each compound in these four categories of polyphenols.
Proanthocyanidins (PAs), also known as tannins, are mixtures of oligomers and polymers
composed of flavan-3-ol units linked through C4 → C8' and C4 → C6' linkages which are the B-type
PAs, and when they are linked by an additional ether bond between C2 → O → C7', C4 → O → C8',
or C4 → O → C6' are considered A-type PAs.16 PAs were first identified in 1968, but few have been
reported since then due to difficulties isolating them because of their poor stabilities.16 B-type and
A-type PAs can be differentiated in MS, because A-type PAs are 2 mass units lower. 16 PA's will react
with anisaldehyde sulfuric acid to give an orange color which absorbs at 279 nm.16 These
compounds only ionize in positive mode, as reported in previous studies.17 Higher molecular weight
polyphenols (~500-3000 Da) are oligomers of proanthocyanidins, and tend to form aggregates with
proteins and precipitate out of solution.8 In the brewing process, this is referred to as chill haze, and
the tendency of this phenomenon increases steadily over time, but these aggregates will redissolve
once it is reheated. Initially, the simple monomeric and dimeric proanthocyanidins will form
hydrogen bonds with the proteins, and cause turbidity and colloidal instability. Oxidation and
polymerization of simple flavanols during storage lead to formation of flavanol-type oligomers that
are able to aggregate with soluble proteins. As these polyphenols continue to oxidize, larger
complexes are formed and supermolecular bonds are partly substituted for covalent bonds. After
this point, heating can no longer break these strong bonds, resulting in permanent haze. 8
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Table 2.1. List of Polyphenols in Hops and Their Chemical Structures
a) Phenolic acids
Hydroxybenzoic acid and derivatives

Cinnamic acid and derivatives

OH
R

1

R

HO

R

2

R

2

1

R

3

HO

O

O

p-Hydroxybenzoic acid
Protocatechuic acid
Gallic acid
Vanillinicc acid
Syringic acid

R1
H
OH
OH
H
OCH3

R2
H
H
OH
OCH3
OCH3

R1
H
H
H
H
OCH3

Cinnamic acid
p-Coumaric acid
Caffeic acid
Ferulic acid
Sinapic acid

R2
H
OH
OH
OH
OH

R3
H
H
OH
OCH3
OCH3

b) Flavanols
(as proanthocyanidin monomer,
dimers, and oligomers)
R

(usually found as glycosides)
R

3

3

OH

R

2

HO
R

HO

O
R

1

R
OH

2

1

O

OH
OH

R1
OH
H

Catechins
Catechin gallates

R2
OH
H

c) Prenylated Chalcones
H3C

R3
H
OH

R1
OH
OH
OH

Myricetin
Quercetin
Caempherol

R2
OH
OH
H

d) Prenylated Flavanones
H3C

CH3

CH3
OH

OH
HO

HO

OH

R

R

O

Xanthohumol
Desmethylxanthohumol

O

R
OCH3
OH

O

R
6-Prenylnaringenin
8-Prenylnaringenin

OCH3
OH

R3
OH
H
H
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2.2. Standard Hops Analysis Methods
The American Society of Brewing Chemists (ASBC) was formed in 1934, by a group of
scientist representing the brewing industries, whose goals were to discuss and compare various
methods of brewing and malt analysis. ASBC is a professional organization dedicated to
improvement in the brewing and malting industries. According to its by-laws, its primary purpose is
"to study, develop and adopt uniform or standard methods for the analysis of raw materials,
supplies, and products for brewing, malting, and related industries." The following sections will
discuss the ASBC UV/Vis detection of percent α- and β-acids, extraction methods, and a literature
search of hops analysis methods.
2.2.1 ASBC Hops-6: UV-Vis Spectroscopic Detection of Percent (w/w) of α- and β-acids
The most common and most economical detection for the weight percent of α- and β-acids
in a dried hops cone is by UV/Vis spectroscopy. The instrumentation is relatively cheap and easy to
operate compared to HPLC or MS. All that is needed is a multiple (three) wavelength detector, two
quartz cuvettes, and ~1 L of solvent. Using this method, it is not necessary to generate a calibration
curve, only that a sample have an absorbance in the instrument's linear detection range (0.08 to 2).
The method requires 5 g of hops cones to be finely ground, extracted with toluene, diluted in
MeOH, and further diluted within instruments optimal absorbance range with alkaline MeOH. An
equation is used which accounts for the dilution factor and the extinction coefficients of the hops
acids. Three different wavelengths (275, 325 and 355 nm) are measured, and the equation accounts
for the molar absorptivities of each of the three components in the mixture at each wavelength.
The α-acids have a maximum absorbance at 325 nm, the β-acids at 355 nm, and 275 nm represents
the maximum absorbance of the degradation products. 18 One of the limitations of this method is
that it cannot detect the different analogs of the α- and β-acids, only the weight percentages of total
α-acids and total β-acids. More details regarding the specific extraction volumes and calculations
can be found in the experimental section in Chapter 3, Standard Hops Analysis Methods.
An experiment conducted by the Horticultural Research International Organization
investigated the deterioration ratio (A275 :A325) of the hops acids.19 For fresh hops samples, this ratio
was around 0.25, but for hops stored over a long period of time, this ratio increased to over 1.00.
When samples were analyzed by HPLC, it was observed that duplicate samples at the beginning of
the run had higher α-acid content than those at the end of the run. One possible explanation was
oxidation of the α-acids. However, for this to be true, the β-acids would have to oxidize as well,
which was not observed. So it was believed that the α-acids were isomerizing in the presence of
acid or other contaminants in methanol.
2.2.2. Modified ASBC Hops-6 (Hops-6M)
A modified procedure for ASBC Hops-6: UV-Vis detection of hops acids was recently
published in the Journal of Chemical Education.18 The portions of the procedure that were modified
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include the sample size and the extraction solvent type and volume. The extraction solvent was
changed from toluene to methanol, because 1) methanol is a "greener" solvent, and 2) toluene has
a strong absorbance at 269 nm and overlaps with the degradation products maximum absorbance at
275 nm. This overlap of absorbances can lead to false readings, especially if small deviations occur
during the preparation of the blank and sample. Because polar solvents stabilize the ground state
more than the excited state, the change in energy increases with the polarity of the solvent,
therefore the methanol will have an absorbance at a shorter wavelength. The total sample size is
also adjusted from 5 g to 3 g of freshly ground hops plant. From this 3 g of ground hops, 2.5 g is
extracted with a proportionally reduced volume of MeOH compared to the volume of toluene used
in ASBC Hops-6 procedure. This procedure was further modified to reduce the sample size and
volume of extraction solvent by a factor of 8. The samples are diluted within the instruments
optimal absorbance range with alkaline MeOH, and absorbances are measured at wavelengths 275,
325, and 355 nm. More details regarding the specific extraction volumes and calculations can be
found in the experimental section in Chapter 3, Standard Hops Analysis Methods.
2.2.3. Hops Acids Extraction Procedures
Hops acids are typically and efficiently extracted from the plant matrix by supercritical CO2
extraction.20 However, this process can be time consuming, and some laboratories may not have
access to supercritical CO2. Hops acids can be extracted in a variety of solvents, and the solvent
selected will depend upon the analysis method. One study extracted hops acids using methanol,
ethanol (EtOH)21, 22, and acetone.23 Here, 2.5 g of hops were ground, and extracted 3 times with 50
mL of 75:25 solvent:water and found that the greatest extraction efficiency was achieved using
acetone as solvent. In the EtOH extraction experiment, 5 g of hops was extracted in 40 mL of EtOH
(x 3) by ultrasonication.22 Other experiments extracted hops acids by addition of toluene to finely
ground hops.4 ASBC Hops-14 Extraction of hops acids was done by adding 20 mL MeOH and 100 mL
of diethyl ether to 10 g of finely ground hops, then shaking for 30 minutes. Next 40 mL of 0.1M
hydrochloric acid was added and shaken for 10 min, then allowed to sit. The supernatant was used
for analysis.
2.2.4. Literature Search of Methods of Hops Analysis
A literature search was performed to find a comprehensive list of the analytical methods
used for hops analysis. This search included analysis methods for hops acid or hops polyphenolic
compounds. Most of these compounds were analyzed by HPLC-MS, ESI-MS, or HPLC-UV/Vis. Table
2.2 highlights these methods, and includes information on compounds detected, extraction
methods, HPLC conditions, and MS conditions.
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Table 2.2. Standard Methods of Hops Analysis
Compounds Detected

Extraction Method

Phenolics-

Acetone:H20 (7:3)

PA's, flavanols,
flavones, glycosides,
XN, DMX, Humulones,
Lupulones, see
pg326624

MeOH:H20 (7:3)

HPLC Conditions
LiChroCart RP-C18 Column:
125 mm x 3.0 mm, 3µm
Guard column:
LiChroCart RP-C18 4.0 mm x
4.0 mm, 5µm
Flow: 0.3ml/min
Inj vol: 20 µL
A: 100% MeOH
B: 0.1% formic acid

Prenylflavonoids and
hops bitter acids in
beer
XN, IXN, DMX, 6-Pren,
8-PN, 6-GN
a, B, and iso acids25

Alcohol,
Supercritical CO2

MS Conditions
Quadrupole ion trap,
ESI
negative mode
Cap temp: 325ᵒC
Source voltage: 5 kV
Capillary voltage: 30 V
Sheath: 80
Aux: 30

90% B 0 min
90% to 0% B in 110 min
100% A x 20 min
90% B x 10 min
Recondition for 10 min

Det in base peak
mode
m/z 100 to 1000

Flow: 1ml/min
Temp: 40°C

APCI
Ion trap analyzer
Pos and neg modes
Direct infusion

Low polarity: Purospher Star
C8-e column
0 min 40%MeCN in H20
40 min 100% MeCN
0.3% formic acid: improves
separation for bitter acids
Polar: Zorbax SB-CN column
0-5 min 5% MeCN
35 min 20% MeCN in H20
55 min 40% MeCN
60 min 100%MeCN
0.3% formic acid
200-500 nm, 330 for
flavanoids

MS/MS CID 45%

4L/min
Drying gas: 300°C
APCI heater: 350°C
HPLC-MS
Mobile phase flow:
1 ml/min
Nebulizing gas: 70
psi
Drying gas: 5L/min,
400°C
APCI heater: 450°C

13
Table 2.2—Continued
Compounds Detected

Extraction Method

HPLC Conditions

MS Conditions

Phenolic compounds,
Hops acids: pre,post,
humulones, lupulones,
humulol, IXN, XN26

0.7 g hops
Acetone:H20(7:3)
x3 (7ml)
RT 30 min,
Sonicate 20 min RT
Filter 0.45µm

Zorbas 300SBV-C18
150 mm x 2.1 mm, 5µm

LC-MSD Trap-XCT
ESI in pos and neg
modes

And
SFE CO2

A: 0.1%formic acid
B: MeCN
Gradient

Hops acids 27
Humulone,
couhumulone,
adhumulone,
adlupulone

Flow: 3ml/min
Temp: 35°C
Inj vol: 10 µL

Photodiode array: 200-600
nm
250 nm phenolic acids
280 flavanols and bitter acids
306 trans still beens
370 nm flavanoid
Zorbax C8
150 mm x 4.6 mm,
Inj Vol: 20 µL loop
Isocratic, pH 3
9:1 MeOH:water 1% acetic
acid
10ng/L humulone
5 ng/L lupulones
RTs 9 min
Unable to separate n- and
ad- analogs

Drying gas: 10
L/min, 350°C
Nebulizer: 30 psi
Collision gas: 6x10-6
mbar

Finnigan Mat TSQ-10
Triple quadrupole,
ESI
Negative ion mode
ESI needle: -3kV
Capillary temp 250°C
Ion source: 200°C
Ion source pressure:
500 Pa, -80V
SIM of bitter acids
CID 10 eV
Gas Press: 0.5 Pa
Flow 2 µl/min
Sheath 2 µl/min
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Table 2.2—Continued
Compounds Detected

Extraction Method

Polyphenolics
Hops acids2

See p. 146 for
phenolics
extractions with
ether, hexanes,
and MeOH:H20
Acids (2g)
Isooctane (150 ml)
x3
Under reflux,
nitrogen 60 min
each

HPLC Conditions

MS Conditions

See p. 146 for HPLC
conditions for flavanoids
For Hops Acids
Nucleosil 5 C18 250 x 4.0
mm, 5µm
Guard column: 11x4 mm
(same type)
A: formic acid:water 1:19
B: MeCN: MeOH 1:19
0-2 min 60% B
2-32 min linear gradient 60%
B to 95% B
32-37 min 95% B
37-45 95% B to 60 % B
45-48 min 60% B
Inj Vol: 20 µL
Flow: 0.9 ml/min
Temp 35°C
Det: 280 nm

2.3. Mass Spectrometry (MS)
2.3.1. Introduction
The first mass spectrometry experiments were carried out by J.J. Thomson , which earned
him a Nobel Prize in 1906.28 Mass spectrometry is one of the most sensitive analytical methods. In
mass spectrometry, a gaseous ionic state is studied by transferring analytes from the condensed
phase to the gas phase, followed by ionization. 29 The ions are detected as their mass to charge
ratio (m/z), and the relative intensities are displayed in the mass spectrum.28 Ions can undergo
further fragmentation to provide structural information on the molecules. The average mass uses
the average atomic weight, which is a weighted average and accounts for the relative abundances of
each isotope. The average mass calculation is mostly used for stoichiometric calculations. In MS,
the mass of an ion is represented by calculating the monoisotopic , or nominal mass. The
monoisotopic mass is calculated using the mass of the most predominant isotope.28
A mass spectrometer is comprised of the following elements: an ionization source, a mass
analyzer, and a detector. A high vacuum is needed to move the ions through the mass spectrometer
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without them undergoing collisions with other gaseous ions. In Figure 2.3, a diagram of a typical
mass spectrometer is shown. This literature review discussion on mass spectrometry will discuss the
process of analyzing a sample, which includes the separation prior to analysis, the ionization of the
sample, and separation and detection of the ions.

High Vacuum
Sample
In

Ion
Source

Mass Analyzer

Detector

Computer
Display

Figure 2.3. Block diagram of a mass spectrometer. First, the separated sample is introduced into
the system, next the ion source ionizes the sample. These ions are separated by the
mass analyzer, sent to the detector, and finally a mass spectrum is displayed on the
computer.
2.3.2. Separation and Ionization
For complex mixtures, molecules are typically separated prior to MS analysis. This can be
done by either gas chromatography (GC), or high pressure liquid chromatography (HPLC). After the
sample is separated, it can be ionized by different ionization methods, either inside the vacuum
system of the MS or at atmospheric pressure. A new trend is direct ambient ionization methods,
where samples are analyzed directly without preparation or pre-separation. Paper and leaf spray
ionization are direct atmospheric pressure ionization methods based on electrospray ionization.
These processes are explained below.
2.3.2.1. Atmospheric Pressure Ionization (API)
2.3.2.1.1. Overview
A large variety of API techniques have been developed, including electrospray ionization
(ESI), matrix assisted desorption ionization (MALDI), and atmospheric pressure chemical ionization
(APCI). ESI is an effective way to separate analytes from a solution phase matrix, while MALDI is
used for separation of ions from a condensed phase matrix.30 APCI uses gas-phase ion molecule
reactions at atmospheric pressure, and primary ions are produced by corona discharges on the
solvent spray.28 APCI allows for analysis of analytes with a large range of polarities.31 In PS-MS, the
ionization occurs by ESI mechanism, and the theory that guides this technique will follow.
2.3.2.1.2. Electrospray Ionization (ESI) Theory
Implementation of ESI began about two decades ago, and is a soft ionization technique that
is used to produce gas phase ions without fragmentation.28 ESI allows for the analysis of
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biopolymers, even for MS instruments that only allow for detection up to m/z 2000. ESI can be used
for analysis of polar to moderately polar compounds. Ionization of compounds occurs through one
of the following processes30:
Formation of adducts in positive-ion and negative-ion modes, (e.g.[M+H]+, [M+Cl]-),
Direct release of intact cation and anions from salts, and
Deprotonation in the negative-ion mode.
ESI is produced by applying a strong electric field, under atmospheric pressure, to a liquid
flowing through a capillary tube.28 This induces the formation of a Taylor cone, where the solvent
droplets break apart into smaller, highly charged droplets and migrate towards the inlet of the mass
spectrometer (Figure 2.4). This migration occurs due to the potential difference between the
capillary and the counter-electrode. The solvent contained in these highly charged droplets
evaporates, and the size of droplet continues to decrease until the Rayleigh limit is reached. The
Rayleigh limit is the point at which the surface tension can no longer sustain the charge, and a
Coulombic explosion occurs, causing the droplet to rip apart. This process is repeated numerous
times until naked, desolvated ions are produced.28

Figure 2.4. Electrospray ionization mass spectrometry (ESI- MS) process.32
There are many variables in ESI that can affect the quality of the mass spectrum. First, it is
important to understand the nature of the sample, and the polarities of the analytes of interest.
This will determine which ESI technique to use, and if it should proceed via positive-ion or negative
ion mode. Other important factors to consider when optimizing for ESI include nature of solvent,
flow, nature and size of capillary, distance to counter-electrode, applied potential, among others.28
In order for a stable spray to occur, a minimum amount of electrolyte in the solvent is required, and
this amount is so low, that solvents alone contain enough electrolytes to give a stable signal.
However, the total maximum concentration that will yield good sensitivity is 10-3 M.28 In positive-ion
mode, the addition of an acid can enhance the signal. It is also important to note that in mass
spectrometry, ions are detected by their mass to charge ratio, so often multiply charged ions can be
observed at a much lower m/z value than the molecular ion. ESI-MS is a beneficial ionization
method for analysis of hops acids, hops acids ionize well in both positive34 and negative21, 23 modes.
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Paperspray ionization is an example of direct analysis method where the traditional coupling
of chromatography and mass spectrometry is bypassed. Instead, one fully relies on the power of the
mass analyzer to analyze complex mixtures. This direct analysis approach was taken one step
further by the so-called ambient analysis methods. The beauty of ambient ionization methods, is
that no separation nor sample preparation is required prior to analysis. Leafspray ionization is
another example of ambient ionization, and the sample preparation is even less than that of PS-MS.
The detection of the ions generated by the ambient ionization process are guided into a mass
analyzer through a series optical lenses, and are then detected. The following section will discuss
these processes.
2.3.2.2. Separation of Ions (Mass Analyzer) and Detection
After the sample has been ionized by an ion source, the ions are guided into the mass
analyzer, where they are separated, and detected. There are different types of mass analyzers
including sector instruments, time of flight (TOF), quadrupole mass filters, ion traps( 3-D
quadrupole, linear quadrupole, and orbitrap ion traps), and Fourier transform ion cyclotron
resonance. Orbitraps, along with TOF analyzers, have a high mass accuracy, high sensitivity and a
good dynamic range. All experiments performed for our hops research utilized a 2D linear ion trap
(Figure 2.5). A linear ion trap uses a set of quadrupole rods to confine ions radially, and static
electrical potential on end electrodes to confine the ions axially.35 Once the ions are trapped, the
amplitude of the RF (radio frequency) voltage is applied that resonates with the frequency of the
trapped ions. After this occurs, the ions are ejected in an order based on their m/z values.36
Advantages of the linear traps are increased ion storage capacity, faster scan times, and simplicity of
construction.37 The detectors used for MS include electron multipliers, Faraday cups, ion-to-photon
detectors, or microchannel plate detectors. The type of detector installed in the ThermoFischer
LTQ, is a proprietary dual conversion dynode detector, and includes two off-axis continuous dynode
electron multipliers with extended dynamic range, that allows for digital electronic noise
discriminations.
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Figure 2.5. Thermo-Fischer LTQ 2D, linear ion trap mass spectrometer.38
2.4. Paper Spray Mass Spectrometry (PS-MS)
2.4.1. Introduction
Paper spray mass spectrometry (PS-MS) is an emerging analytical method that is being
applied to many areas including analysis of dried blood samples, medical testing, pharmaceutical
compounds, explosives detections, and detection of pesticides on agricultural products.39
Compounds that have already been analyzed and quantified by PS-MS includes hormones, lipids,
peptides, proteins, pesticides, and other therapeutic or illicit drugs. In PS-MS, bulk solvent
movement had a significant role in transferring the analyte.40 Since PS is a direct ionization form of
electrospray ionization, the mechanisms of ionization were investigated. The ionization mechanisms
of PS-MS and nanospray were compared, and the internal energy distributions of ions generated in
both methods was measured using the "survival yield" method, which is a method associated with
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soft ionization techniques. 39 The internal energy distributions were found to be similar in shape and
mean value, which suggests that these two ionization methods follow the same mechanism.39
During a PS-MS analysis, a few microliters of the sample is applied to a small isosceles paper
triangle with a very sharp tip, and allowed to dry. An alternative sample loading procedure is to
preload the sample onto the paper, incorporate sample into the spray solvent, or transfer from
surfaces using the paper as a wipe.41 If the sample is a liquid, it must be dried on the paper before
proceeding. Next, a small amount of solvent is applied directly to the paper. The paper is placed in
front of the mass spectrometer and a high voltage is applied to the paper which ionizes the
sample.41 This PS-MS literature review will explain the associated processes and procedures,
including details about optimization values, as well as describe the recent applications of this
method. Solvent systems, amounts of sample, spray solvent, paper types, detection and
quantitation limits are discussed.
2.4.2. Paper Optimization
2.4.2.1. Paper Type
PS-MS operates on the principle that by wetting the paper it becomes conductive.41 The
solvent moves through the paper via capillary action. In a recent PS-MS experiment, six different
types of paper with different pore sizes were investigated; grade 1 (11 µm), grade 2 (8 µm), grade
595 (4-7 µm), grade 6 (3µm), glass microfiber filter paper, and chromatography paper.41
Chromatography paper is made from cellulose and retains a set amount of liquid and has a thickness
of 0.18 mm. The study found that different papers had different levels of background peaks.
Chromatography paper contained the least amount of background noise, while the filter paper with
pore size 8 µm contained an abundant amount. The intensities were also evaluated, and the lowest
intensities occurred in glass fiber paper. Chromatography paper had the highest S/N (signal- tonoise ratio), and therefore was chosen as the optimal paper type. 42
Many PS-MS experiments performed in the literature, use a slightly thicker paper (blood
card paper), for the extensive research on dried blood spot (DBS) analysis. Another paper substrate
that was later found to be effective in PS-MS, was silica-coated chromatography paper(0.27 mm),
and results show this allows for a larger dynamic range and lower detection limits.
2.4.2.2. Paper Size
The size of the paper triangle determines the optimal volume of spray solvent and sample
load. This relationship has been investigated by spotting 0.5, 1.25, and 2.5 μL of 1 μg/mL of a drug
in a blood matrix, in the middle of 3 different sized triangles (T1=7.5x8mm, T2=11.9x12.7mm,
T3=16.8x17.9m) with an area ratio between the 3 triangles of 1:2.5:1.40 Next, the spray solvent was
added in volumes of 10, 25, and 50 μL, which was proportional to the area. The study found that the
peak intensity increased as the volume of sample loaded increased, with subsequent increasing
paper size.40 However on the T1 substrate, 1.25 and 2.5 μL sample load amounts gave the same
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intensity, therefore the paper had reached it saturated sample load.40 For a 1.25 μL loaded sample,
the signal intensity dropped as the size of the paper increased, due to use of larger volume of spray
solvent, which diluted the sample.40 With the 2.5 μL sample load, an opposite trend was observed,
the highest intensity appeared using the larger area size paper.40 The minimum amount of sample
load was 0.5 μL, which gave inaccurate results.40 Using the same sample-to-solvent ratio of 0.5, the
larger paper tips gave better signal intensities.40 It was also found that it is hard to remove all of the
sample from the paper with one spray solvent aliquot, and the analytes will continue to spray from
the paper after several additions of solvent and analyses, and therefore low extraction efficiency of
the analyte from the paper into the spray solvent exists. Dipping the paper in the solution for a
long time (hours), allows for more chemicals transferred to paper, however, it is possible to destroy
the paper this way.41 Table 2.3 showcases the relationships between different paper sizes, spray
volume, sample loads and concentrations, and spray voltage.

Table 2.3. PS-MS: Relationship Between Paper Size, Spray Volume, Sample Load and
Concentration, and Spray Voltage
Paper Size
Base x height
(mm)

Area
2
mm

Spray
Volume
(μL)

Sample Load
Volume (μL)

Sample
spot
position

Sample
Concentration

Spray
Voltage

10x1043

50

10

2.5 or 0.5

center

1 µg/mL

-3.5 kV

5x10 41

25

10

0.4

7.5x840

30

10

1.25 to 2.5

center

1 µg/mL

6.5x9.544
Blood Card

31

2 μL IS
10 μL sample

center

1.25 µg/mL (IS)
2.5 µg/mLsample
in blood

7.2x1144

40

25

11.9x12.740, 44

75

25

15 μL blood
sample
≥2.5

center

1 µg/mL

4.5 kV

16.8x17.940

150

50

≥2.5

center

1 µg/mL

4.5 kV

<32

10 μL sample
5 μL IS
5µL sample

center

8x15
Blood card
Silica coated

Not
calc.

50

-3.0, 4.5 kV

Center

4.5 kV

3.0 kV
500 ng/mL
1 µg/mL

3.5 kV

2.4.3. Spray Solvent
2.4.3.1. Spray Solvent Composition
The selection of the spray solvent is highly dependent on the ion mode (negative or positive)
as well as the chemical properties of the analyte. For optimal signal intensity, the spray solvent
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should be able to effectively extract the analyte from the paper. In negative ion mode, pure MeOH
or high MeOH solutions can be used only because of the need for a solvent with low surface tension,
as compared to 1:1 MeOH:water solutions for positive ion mode. The spray onset voltage is related
to the surface tension of the solvent; higher surface tensions require a higher voltage. For example,
MeOH has lower surface tension than water, and therefore a lower onset voltage is needed. 28
Nonpolar spray solvents can also be used in PS-MS, and is applicable to analytes soluble and
insoluble in non-polar solvents. Ambient ionization techniques are providing new ways to ionize
polar samples.45 However, despite the role of charged non-polar oil droplets in an experiment
carried out by Millikan,46 non-polar solvents are not successful in ESI without admixture with polar
solvents or ionic liquids.45 PS-MS with non-polar solvents is advantageous over traditional micro
capillary based ESI because it eliminates capillary clogging.45 Some areas where non-polar PS-MS
has been applied includes pharmaceuticals, nucleotides, phospholipids, cholesterol derivatives,
small peptides, various hydrocarbons and many other low molecular weight compounds that are
soluble in non-polar solvents.45
Non-polar solvents have much smaller surface tensions (15-20 mN m-1 ) than most polar
solvents (water 72 mN m-1 ), therefore they require lower onset voltages (0.8 to 2 kV).45 Non-polar
solvents that have been used in PS-MS include n-hexane, toluene, or dioxane, and n-pentane.45 In
one study, the PS-MS signal intensities were evaluated using spray solvents with differing polarities;
including, water, hexane, dichloromethane MeOH, ethanol (EtOH), isopropanol (IPA), and butyl
alcohol. The lowest signal intensities were observed with solvents with the highest and lowest
polarities, water and hexane respectively. Signal intensity was twice as large with dichloromethane,
and approximately equal between MeOH, EtOH, and butyl alcohol. The greatest intensity was
obtained with IPA. The spray solvent can be optimized for each analyte, and ideal solvents will have
low boiling points which will lead to higher volatility. So often, a more volatile solvent can be added
to the optimal extraction solvent.42
2.4.3.2. Spray Solvent Volume
The volume of spray solvent added to the paper is very important, and is directly related to
the size of the paper triangle. 41 It is also important that the paper be completely saturated in order
for bulk solvent movement to occur, and therefore the volume should correlate with the size of the
paper (see Table 2.3, which highlights in detail the relationship between paper size, spray volume,
sample load and concentration, and spray voltage). Uniform flow or wicking of solvent to the tip was
accomplished by depositing a greater amount of solvent onto the paper than could be absorbed.43
Since the solvent is deposited at the back of the paper and is wicked to the front of the paper, if an
inadequate volume of solvent is applied, then no spray will occur. On the other hand, if too much
solvent is added, then the solvent may travel over the spotted sample, rather than through it.
Additionally, large spray solvent volume may cause the solvent flow from the tip may be too high
and lead to the size of the droplets sprayed to be too large to evaporate properly.47
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Longer spray times were observed for analytes of higher concentrations.41 Spray occurs at
all three corners of the triangle, but the most intense spray occurs at the tip facing the MS inlet. The
sharpness of each point determines the signal intensity, and rounding the two back corners will
allow the spray to only occur at the front tip.40 In PS-MS experiment performed by Yang et al, the
spray direction was investigated by analyzing a rectangular shaped paper, and observed that spray
occurred at all corners of the rectangle.40 It was concluded that the spray occurs the strongest at
the tip facing the inlet; however, it is possible for it to spray slightly from other corners. An addition
of 5 μL of solvent will allow for MS analysis of 30 seconds.41 The relationship between spray solvent
volume and spray duration is shown in Table 2.4.

Table 2.4. PS-MS: Relationship between Solvent Volume, Solvent Type and Spray Duration
Solvent Volume
10 μL
5 μL
25 μL

Triangle Size
Base x height (mm)
5x10 (chromatography paper)
5x10 (chromatography paper)
6.5x9 (blood card)

Solvent Type
MeOH:water 1:1
MeOH:water 1:1
MeOH: water 95:5

Spray
duration
60 sec41
30 sec41
90 sec44

The outcome of having a large spray solvent to super-saturate the paper triangle versus
applying a smaller amount in a slower wicking style is shown in Figure 2.6. It shows that depositing
10 μL of spray solvent all in one aliquot on a 10x10mm (bxh) chromatography paper triangle gave a
clearly eluted peak in 1.4 minutes, as compared to the slow wicking where maximum intensity
occurred during the first 30 seconds and gradually decreased over the next 5.5 minutes.43 This
proves the necessity of paper being super-saturated in order to achieve a more uniform signal and
well defined elution peaks. It was also anticipated during this experiment, that a different solvent
system and increasing the size of the paper could lead to well defined elution peaks as a function of
time.43

Figure 2.6. Effect of spray solvent volume on PS-MS signal. a) Depositing the spray solvent at once
gave a well defined eluted peak, as compared to b) slow wicking.
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2.4.4. MS Instrument Settings
2.4.4.1. Capillary Voltage, Capillary Temperature, and Tube Lens Settings
Capillary voltage, capillary temperature, and tube lens settings are in-source parameters,
meaning that the sample has already been ionized and introduced into the MS. That said, these
parameters are similar to ESI-MS, where there is already a wealth of information pertaining to the
optimization of these parameters. The capillary temperature is responsible for the desolvation of
the ions and is related to the composition of the solvent. The tube lens is responsible for directing
the ions towards the skimmer cone and will have higher values for higher molecular weight
compounds. In most PS-MS experiments discussed in this literature review, the capillary
temperature was set at 150ᵒC, the capillary voltage is usually around 20 V, and the tube lens was set
at 65 V in either positive or negative modes.
2.4.4.2. Spray Voltage
The onset voltage in PS-MS is typically between 2 to 3 kV (in positive ion mode), and is
dependent upon the surface tension of the solvent, a concept which is well known in ESI.43 For PSMS in positive ion mode, most experiments were carried out at 4.5 kV. Corona discharge can be
observed at high spray voltages, or if the spray solvent is not replenished, and will occur at lower
voltages in negative mode. 43 In negative ion mode, -3 kV to -3.5 kV spray voltage is necessary for
efficient ionization, and is dependent upon the solvent and sample matrix. The optimal spray
voltage is the lowest voltage that can be used to get a stable signal, so that the background noise
from the paper can be reduced.47
In initial PS-MS studies41, 43, 45, 48, spray voltage is applied prior to adding the spray solvent
and a well defined peak (in most cases) was eluted. In some trials, the elution of the peak does not
provide a stable signal or uniform responses over the time period of the eluted peak. Later
quantitative studies found that more reproducible results could be obtained when applying the
spray solvent followed by the spray voltage.44
2.4.4.3. Distance Tolerance of Paper from MS Inlet
Most studies were carried out by arranging the tip of the paper triangle 4 mm from the MS
inlet. However, because human and systematic errors can occur during PS set-up, the tolerance of
the placement of the paper in respect to the MS inlet was also investigated by moving the paper in 2
mm increments over the range of 3 cm in the Y direction and 8 cm in the X direction.41 The highest
signal stability were observed in a 5 x 10 mm (X by Y) area located 4mm away from MS inlet. See
Figure 2.7 for the design of experiment.
41
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Figure 2.7. Distance tolerance of paper substrate in respect to MS inlet. Area of distance
tolerance optimization: 3 cm in the x direction, and 8 cm in the y direction. The highest
signal stability were observed in a 5 x 10 mm (X by Y) area located 4 mm away from MS
inlet.41
2.4.5. Sample Preparation
2.4.5.1. Concentration
In PS-MS, the recovery of the analyte from the paper is very low.47 The concentrations of
the sample spotted were investigated by spotting 4 μL of 1 µg/mL (400 pg absolute), and 50 ng/mL
(20 pg absolute) of a drug in blood onto the paper. A much better S/N ratio was achieved at lower
concentrations of drug in blood.41
2.4.5.2. Matrix Effects and Ionization Suppression
Ion suppression occurs when the more hydrophobic analyte out-competes the less
hydrophobic analyte for surface charge on the electrospray droplet, making the less hydrophobic
analyte have a decreased intensity.49 This is a common phenomenon in ESI-MS, and this problem
can be overcome by separation of the components of the mixture before analysis. However, due to
the desire to develop faster analysis methods, separation via HPLC or other by other means is
omitted in PS-MS, and occurs during the direct ionization process. The matrix can also contribute to
ion suppression.43
2.4.6. Internal Standard Optimization
In order to provide higher levels of confidence in quantitation in PS-MS, an internal standard
can be used. An experiment conducted by Manicke et al, investigated three different modes of
application of the internal standard.43 . The three modes of application were: spotting directly onto
the paper and allowing it to dry before spotting the sample, adding it to the spray solvent, or adding
it directly to the sample. 43 The data was analyzed by recording the average intensity where the
signal was constant (about 5% of the total chronogram), rather than using the area under the curve,
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which is dependent upon the time of analysis. It was found that the sample to internal standard
intensity ratio was much lower when the internal standard was added to spray solvent compared to
spotting directly onto paper, because of slower recovery of the analyte from the surface of the
paper.43 The optimal method of adding the internal standard was by spiking it into the sample
solution, which yielded an RSD of 3%, followed by spotting it on paper prior to adding sample (8%
RSD). The worst method of adding the internal standard was by adding it in the spray solvent, which
yielded an RSD of 16%.43
2.4.7. Data Acquisition and Analysis
Many analyses were performed in selected reaction monitoring mode (SRM) using collisioninduced dissociation (CID),44, 47, 50 while other experiments used CID only,40-41 and the intensities of
the fragments from the parent ion were used in quantitation. In SRM mode, scan times were 250
ms, alternating between analytes, and the voltage was stopped after 15 seconds, totaling 30 scans
for each fragment ion.47
There are two different ways to handle the data for quantitative analysis. In situations
where a well defined peak is eluted, the area under the curve (AUC) was calculated for each ion of
interest, by generation of extracted ion chronograms (EIC). 44 47 The other method used the average
intensity of each ion for a particular time window, usually equating to 35 scans.44 The results from
an experiment where, internal standard (100 ng/mL) was spotted in the middle, the sample
containing the analyte at concentrations of 5 to 500 ng/mL were added after internal standard had
dried, and 25 μL of spray solvent added. The RSD for the AUC method yielded an RSD of 17%.44 The
AUC curve method of quantitation is only reproducible when the EIC's have similar shape.
Calibration curves for this experiment were constructed by plotting AUC of analyte/AUC internal
standard (n=6 for each calibration standard), and a correlation coefficient of >0.99 was achieved
over a linear range of 5-1000 ng/L.44 The accuracy was within 2% of the accepted value, and 10% at
the lowest concentration level.44 In many assays, there exists the possibility of matrix effects which
can affect the accuracy of the results. One method to assess the relative matrix affects is to
construct standard lines (i.e. instrument response versus drug concentration) in five different
samples. The slopes of the individual lines should vary by less than 3% for each concentration point
and by less than 15% across the five different samples.44
2.5. Leaf Spray Mass Spectrometry (LS-MS)
2.5.1. Introduction
Leaf spray mass spectrometry (LS-MS) is an ambient ionization ESI technique that requires
little to no sample preparation. The ionization mechanism and analysis procedure is similar to PSMS. In LS-MS, the leaf is cut into a triangle, fixed with an alligator clip so the tip of the leaf is about
5-10 mm away from the MS inlet, a small aliquot of solvent is applied to surface of leaf, and a high
voltage is applied which extracts and ionizes the analytes from the leaf (Figure 2.8). The advantage
of LS-MS over PS-MS is that no sample extract needs to be prepared, and richer spectral data can be
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acquired. LS-MS is a fast and easy method to acquire qualitative information. However, the
disadvantage of LS-MS is that it can only provide semi-quantitative data, due to the inability to
adequately apply an internal standard. LS-MS is a useful tool for analysis of other substrates besides
leafs, including roots and stems, pesticide testing on fruit peels, or it can be used to monitor the
levels of analytes at different development stages in fruits and plants. For even quicker and easier
qualitative analysis, uncut leafs can be analyzed.51

Figure 2.8. Leaf spray mass spectrometry (LS-MS) set up. The leaf is cut with the sharp tip and
arranged 10 mm away from MS inlet. An aliquot of methanol may be added if the plant
is dry, and a high voltage is applied, which will ionize the sample.
2.5.2. Spray Solvent
2.5.2.1. Spray Solvent Composition
The composition of the spray solvent should be carefully selected to gain the desired
spectral information. Details to consider when selecting the spray solvent include solvent polarity
and dielectric constants along with the relative extraction and ionization efficiencies of the solvent.52
The optimal spray solvent should be capable of penetrating the leaf coating, transferring
compounds through the leaf to the tip of the leaf triangle, and ionizing the analytes. It was found
that methanol works well for many plant tissues tested, and is a good solvent for analysis of a wide
range of compounds including amino acids, alkaloids, flavanols, carbohydrates, organic acids, fatty
acids, and phospholipids.34
2.5.2.2. Spray Solvent Volume
In many LS-MS experiments, the leaf was cut into a 10x5 mm (height x base) triangle. It was
found that the volume of spray solvent and extraction time were not critical to the performance of
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leaf spray and 10 μL is often used.52 No obvious differences were observed when changing the
volume from 10 μL to 50 μL of methanol, or when the duration of the application of voltage was
varied from 1 second to several minutes.52 Some substrates with high water content do not require
addition of solvent because the water is sufficient to carry the charged droplets.52 Dry leaf samples
may require a larger volume of spray solvent to fully wet the leaves.52
2.5.3. MS Instrument Settings
Standard tube lens and capillary voltage settings were used, and are similar to those
described in the PS-MS section. The spray voltage was set at either 4.0 kV53,53a or 4.5 kV34, 52 for both
positive or negative modes, depending upon the application. This voltage is much higher than for
PS-MS, which used voltages of 3 to 3.5 kV. In all of the current work studying LS-MS, the tip of the
leaf was fixed 5 to 10 mm from MS inlet.
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CHAPTER 3
STANDARD HOPS ANALYSIS METHODS
3.1. Introduction
To assess the accuracy of each of the newly developed PS-MS and LS-MS methods, the hops
acid content will need to be compared to results from standard hops analytical methods. Analyses
were performed using American Society of Brewing Chemists (ASBC) Hops-6: α-and β-acids in hops
and hops pellets by spectrophotometry1 and a modified ASBC Hops-6 method.2 After the optimal
standard method of hops analysis was selected, all hops samples were analyzed by this method.
3.2. Varieties and Sources of Hops Samples Used for Analysis
The hops used in these analyses were obtained from different sources in either pellet or leaf
form, and are listed in Table 3.1. Table 3.1 lists the percent α- and β-acids, α/β ratio, cohumulone
ratio, along with a description of the aroma and bittering capacity. The hops pellets purchased from
Hop Union were labeled with the percent α- and β-acids listed on package (for most samples),
however, the composition of hops grown locally by small hops farmers in most cases is unknown.
The accuracy of these packaged values can vary, but the pellets are expected to be much more
accurate than leaf samples, because their compact structure allows them to retain their freshness
longer. Also, sometimes a hop supplier may send a previous year's batch, which also may not be
nearly as fresh.3 For all of the hops analyzed in this study, the percent cohumulone was not
provided by the supplier, so it was estimated by referencing an online variety manual
(www.freshhops.com).4 Other varieties obtained from local sources also required referencing a
variety manual to get an approximate percent α- and β-acids, α/β ratio, and cohumulone ratio,
which were used as a benchmark for evaluation of PS-MS and LS-MS acquired results. A standard
hops variety manual lists the percent α - and β-acid (w/w) content, α/β ratio, percent cohumulone,
and essential oil composition. The hops acids content is listed as a weight percentage range in the
variety manuals, due to variations that can occur within the same hops variety. These variations can
occur due to temporal variations, including weather, type and pH of soil, geographic location, when
the hops were harvested, and genetic variations. It has also been shown that hops acid content can
vary year by year.5 Hop Union and www.freshhops.com both give a qualitative description of the
hops variety, which encompasses its aroma profile and bittering capacity.
Hops are commonly sold in pelletized form, due to ease in storage, and uniformity in
sample. Pellets are prepared from whole leaf hops which have been hammer-milled into a powder
and pressed through a conventional pellet die. Hop pellets retain all of their natural vegetative and
lupulin material and can be used as a full replacement for leaf hops in the brewing process. 6
6
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Table 3.1. Hops Variety Characteristics
Hop Variety
1.1.1.1.1

% αacid

% βacid

α/β
ratio

%
Cohumulone

Aroma

Supplier

Pellets

Nugget
Magnum
Simcoe (brand
YCR)
Czech Saaz
Mt. Hood
Centennial
Brewers Gold

13.3*
13.1*
13.0*

4.4*
5.3*
3.7*

3.0
2.0
2.8

25-30
25-30
15-20

Mild, herbal, and pleasant*
No distinct aroma*
Unique and piney*

Hop Union
Hop Union
Hop Union

3.0*
6.1*
9.7*
9.4*

4.4*
7.1*
6.7*
3.5*

0.8
2.7
-

24-28
22-27
28-30
40-48

Hop Union
Hop Union
Hop Union
LD. Carlson Co.
(Kent, OH)

NZ Nelson

2.4*

6.0-8.0

-

24

Very mild, pleasant*
Mild, somewhat pungent*
Medium intensity, floral and citrus*
High resin content and gives a well-balanced bitterness. When
used in cask conditioned ales, can give some very interesting fruity
and spicy characteristics
Fresh crushed gooseberries, cool climate white wine*

4.0-6.0

2.9-5.0

1.1

29-35

N. Metzger

4.5-5.5

1.2

36-42

The king of aroma hops in the U.S. with its modest bittering value
and the joyous harmony of flowers, fruit, earth and spice.
Used as a kettle hops for bittering

4.0-6.0

3.0

26

Local MI grower

5.0-7.0

2.0

25-30

Strong herbal/slight spice aroma and high bittering value (along
with desirable growing traits)
Used for its aromatic properties and moderate bittering

1.1.1.1.2

Brew Craft, OR

Leafs

Willamette
Cluster
Nugget
Magnum

5.5-8.5
1214.5
1012.6

N. Metzger

Local MI grower

*The percentage of α- and β-acids along with the aroma description were specified by supplier on the package. None of the packages listed percent
4
cohumulone, so www.freshhops.com was referenced for those values. All other hops acid content for samples without supplier specifications was obtained
from www.freshhops.com, and were calculated over 5+ years on average.

43
34

35
Proper care must be taken when storing hops prior to use or analysis, due to their high
sensitivity to oxygen and light. In the presence of light and oxygen, the β-acids degrade, and the αacids will have a higher tendency to isomerize. All hops used for our analyses were stored in a
tightly closed bag and were initially stored in refrigerator, but later transferred to a freezer to
preserve the freshness for a longer period of time. When analyzing a sample, only the necessary
amount of the hops needed at that time was removed from storage, and the remainder of the
sample was immediately placed back into storage.
A calibration standard was purchased from ASBC, ICE-3. This calibration standard was in the
form of a thick resin, and had to be warmed to 40ᵒC to liquefy so it could be quantitatively
transferred. Care must be taken when handling this extract, because multiple heating cycles will
cause the hops acids to degrade. The calibration standard was divided up into individual, single
sample preparation vials to avoid exposing the sample to multiple heating and cooling cycles, and
each vial was stored in the freezer until ready for use. The following Table 3.2, lists the hops acid
content in the ICE-3 calibration standard, specified by the manufacturer.

Table 3.2. ICE-3 International Calibration Extract, Filled 5-14-2009
Total alpha acids
cohumulone
adhumulone
Total beta acids
colupulone
n+ lupulone

44.64%
13.88%
30.76%
24.8%
13.44%
10.84%

3.3. ASBC Hops-6: UV-Vis Spectroscopic Detection of Percent (w/w) of α- and β-acids
3.3.1. Procedure
ASBC Hops-6 method can be used to calculate the weight percent of α- and β-acids in hops
extracts. Three different wavelengths (275, 325 and 355 nm) are scanned, and an equation is used
to calculate the hop acid percentages, which accounts for the molar absorptivities of each of the
three components in the mixture (equations 2 and 3) at each of the 3 wavelengths. The α-acids
have a maximum absorbance at 325 nm, the β-acids at 355 nm, and 275 nm represents the
maximum absorbance of the degradation products. 2 All measurements were carried out using a
Perkin Elmer Lambda 20 UV-Vis spectrophotometer.
The preparation of the hops extract sample is as follows: 5 g of freshly ground hops (leaf or
pelletized form) are placed in a 250 mL extraction vessel, to which 100 mL of toluene is added. In
our experiments the hop samples were finely ground for ~1 minute, using a coffee grinder set at its
finest setting. The contents in the container were shaken for 30 minutes. Solids from the sample
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were removed by centrifuging at 2,000 rpm for 5 min, or samples were allowed to stand until all of
the solids settled to the bottom.1
The next step involves diluting the extract, in two different dilution steps, called dilution A
and dilution B. In dilution A, 5 mL of the clarified toluene extract is diluted to 100 mL with MeOH.
The next dilution (dilution B), is performed immediately before analysis. In dilution B, an
appropriately sized aliquot from dilution A is spiked into alkaline MeOH (0.2 mL of 6.0 N NaOH in
100 mL of MeOH), to obtain an absorbance in the instruments linear range (0.08 to 2). The
following equations [1], [2], and [3] are used to calculate the percent α- and β-acids in the extract,
and equation [4] is used to determine the deterioration ratio:
[1] dilution factor (d) =
[2] α-acids % = d x (-51.56A355 + 73.79A325 -19.07A275)
[3] β-acids % = d x (55.57A355 - 47.59A325 + 5.10A275)
[4] Deterioration ratio =

3.3.2. Results and Discussion
3.3.2.1 Effects of Different Methods of Filtering
In our studies, we found that it was necessary to further filter the sample even after
centrifuging, because some parts of plant biomass do not completely settle to the bottom
(especially in toluene). Before we could adopt a new filtering method, we performed experiments
to determine what effects filtering had on the hop acid content. Three different methods of filtering
were investigated: gravity filtration with Whatman Number 1 quantitative paper, 0.45 μm syringe
filter, and centrifugation at 2,000 rpm for 5 minutes. The results were compared to a sample with no
filtering. The analyses were carried out using Hops-6 method for the Cluster variety in leaf form,
obtained from Hop Union. The results indicate the syringe filtering and centrifuging had no effect on
hops acid content, however gravity filtering slightly decreased hops acids (Figure 3.1). From this
study, we concluded that syringe filtering would be a fast and appropriate means of filtering for
further analyses.
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Ratio

Percent Acid

4

4.19
3.80 3.74 3.77 3.913.593.87
3.39

no filter
Gravity filter (Whatman Quantitative paper)
Syringe filter (0.45 μm)
Centrifuge

2
1
0
% α-acids

% β-acids

1.2
1
0.8
0.6
0.4
0.2
0

0.97 0.95 0.97

0.90
0.60 0.560.55 0.55

α/β ratio

Deterioration ratio

Figure 3.1. Effects of different filtering methods on α- and β-acid content prior to UV-Vis analysis.
The four different methods included gravity filtatration with Whatman quantitative
paper, 0.45 μm syringe filter, and centrifugination , and were compared to samples with
no filtering. All filtering methods are approximately equal, with the exception of gravity
filtration, where the percentages of hops acids were slightly less.
3.3.2.2. Instrument Dynamic Range of Detection of Hops Acids by UV-Vis
To assess the dynamic range of the standard ASBC Hops-6 method, a calibration curve was
generated by serial dilution of the ICE-3 calibration standard in toluene. The absorbances at 275 nm
(degradation products), 325 nm (α-acids) and 355 nm (β-acids) were plotted against the
concentration (Figure 3.2). The poor correlation between the calibration standards for absorbances
at 275 nm may be attributed to the slight differences in the blanks that contain toluene. Toluene
absorbs at 269 nm, which overlaps with the degradation products maximum absorbance at 275 nm.
In the calibration curve for 275 nm, the calibration standard #3 (5e-5 g/mL) deviates from the linear
fit, causing the correlation coefficient to be 0.9707. The other wavelengths (325 and 355 nm), show
excellent correlation coefficient values of >0.995. The instrument's dynamic range lies within the
absorbance range of 0.1 to 2. This is observed in Figure 3.2b, where the last calibration standard
(absorbance= 2.8) no longer follows the linear trend set by the first 4 calibration standards.
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R² = 0.9707

325y nm
= 16827x + 0.0187

R² = 0.9974

355y nm
= 14615x - 0.0047

R² = 0.9993

2
Absorbance

3.5

a)

1.5
1

Absorbance

2.5

= 16811x + 0.0695
275y nm

3

b)

2.5
2
1.5
1

0.5

0.5
0
0.00E+00 5.00E-05 1.00E-04 1.50E-04
Concentration ICE-3 extract (g/mL)

0
0.E+00 2.E-04 4.E-04 6.E-04 8.E-04
Concentration of ICE-3 (g/ml)

Figure 3.2. ASBC Hops-6 UV-VIS calibration curve with ICE-3 calibration standard extracted in
toluene, then diluted in methanol, and further diluted in alkaline methanol.
a) Calibration standards #1-4 are plotted. The r2 values for 325 nm and 355 nm are
acceptable (>0.995), while the r2 value for 275 nm is much lower (0.9707), possibly due
to overlap with toluene absorbance at 269 nm. b) Calibration standards #1-5 are
plotted, which show the instruments limit of linearity is from 0.1 to 2.

3.3.2.3. Stability of Extract Over Time
UV-Vis In this study, the Cluster variety was prepared according to Hops-6 method, and
analyzed immediately, and again after 24 hours. The results from this study are shown in Figure 3.3,
and it is observed that the percent α-acids decreased by 9%, while the percent β-acids stayed
approximately the same, and the deterioration ratio (

) increased from 0.36 to 0.45, over 24

hours. This result underscores the importance of analyzing the hops extracts on the same day as
they are prepared.

39

6
5

n=3

5.43

4.96

Day 1
Day 2

0.50
0.40

3.50 3.60

4

Ratio

Percent Acid
Composition (w/w)

7

3
2

0.20
0.10

0

0.00
β-acids
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1
α-acids
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Figure 3.3. Stability of toluene hop extract over time by Hops-6 UV-Vis analysis. Cluster variety
was prepared according to Hops-6 method, and analyzed immediately, and again after
24 hours.
3.4. Modified ASBC Hops-6 Method (Hops-6M)
3.4.1. Study Significance and Objectives
In a recent study2, modifications were made to the ASBC Hops-6 method to conserve sample
and solvent amounts, save time, and switch to a more environmentally-friendly solvent. The effects
of these modifications on the accuracy and precision of the analysis were investigated prior to
adopting this method as standard UV-Vis protocol for our hops analysis. The specific research
questions that guide this section are:
1) Can decreasing the sample size from 5 g to 0.5 g, with concurrent decrease in solvent
volume from 100 mL to 10 mL retain adequate accuracy and precision?
2) Does changing the extraction solvent from toluene to methanol retain adequate accuracy
and precision?
The significance of these changes are as follows:
By decreasing the sample size, a 10-fold decrease of solvent volume can be used,
MeOH is a "greener solvent" than toluene.
Toluene has an absorbance maximum (269 nm) that overlaps with the degradation product
maximum (275 nm), and can lead to inaccurate results if small variations in blank samples
are present.
3.4.2. Literature Procedure
In Hops-6M method2, the total sample size is adjusted from 5 g in ASBC Hops-6 method, to 3
g of freshly ground hops plant. From the 3 g of grounded hops sample, 2.5 g is extracted with 50.0
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mL of MeOH, stirred for 30 minutes, and allowed to sit until solids settle to the bottom. A second
dilution is performed by spiking 50 μL of the clarified extract into a 25 mL volumetric flask and filled
with alkaline MeOH (0.5 mL 6.0 M NaOH in 250 mL MeOH). The samples are analyzed immediately
at three wavelengths: 275, 325, and 355 nm. According to the published reference2, the procedure
can be made even more 'green' by further decreasing the sample size and extraction solvent
volume. Here, 0.6250 g from the 3 g of finely ground hops is extracted with 12.5 mL of MeOH, and a
20 μL aliquot is diluted to 10 mL with alkaline MeOH.
3.4.3. Experimental Design
We set out to test these modifications to the standard method by evaluating the accuracy
and precision obtained by these reductions in sample size. Sample extracts were prepared by (a)
grinding 5 g hops with a coffee grinder, and extracting the 5 g sample in 100 mL MeOH, (b) 1.0 g of
hops sample was finely ground, and 0.5 g of sample was extracted in 10 mL MeOH. For each of
these conditions, 10 μL of the MeOH hops extract was spiked into 10 mL of alkaline MeOH. The
accuracy of the Hops-6M method was compared to the standard ASBC Hops-6 method. With all
methods, absorbances were recorded at 275 nm, 325 nm, and 355 nm wavelengths. The percent αand β-acids were calculated by equations [1], [2], and [3], and the deterioration ratio was calculated
by using equation [4]. The procedures for these comparative studies are outlined in Table 3.3.

Table 3.3. Comparison of Procedures for ASBC Hops-6 and Hops-6M UV-Vis Methods
Sample Size
Extraction solvent
Dilution A
Dilution B

Detection
wavelengths (nm)

ASBC Hops-6 Procedure
5 g finely ground hops
1g“
“
5 g/100 mL toluene
0.5 g/10 mL toluene
MeOH (20X)

Hops-6M Procedure
5 g finely ground hops
1g“
“
5 g/100 mL MeOH
0.5 g/ 10 mL MeOH
n/a

Alkaline MeOH, immediately before
analysis
(200 μL of Dil A into 3.8 mL alkaline
MeOH)
275=degradation products
325=α-acids
355=β-acids
Deterioration Ratio= A275
A325

Alkaline MeOH,
immediately before analysis
(10 μL of MeOH extract into 5
mL alkaline MeOH)
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3.4.4. Experimental Results
The results from this method comparison study are displayed in Figure 3.4, where the
comparison of toluene versus MeOH extraction solvent is shown, along with the different sample
sizes (0.5 g or 5 g). The sample used for this study was Cluster variety in leaf form, from Hop Union.
The MeOH extraction efficiency of α-acids was much lower compared to the toluene extraction
efficiency, and the deterioration ratio was much higher. Although the toluene extraction efficiency
was higher than MeOH, it still had a lower percent α-and β-acids than the packaged values, which
may be due to deterioration of the acids after the packaged was opened and exposed to air. This is
more drastic in a leaf sample compared to a pellet sample. The smaller sample size (0.5 g in 10 mL of
solvent) provides comparable results to the larger sample size (5 g in 100 mL of solvent) with both
extraction solvents. So therefore a 0.5 g sample in 10 mL of toluene is a suitable method for UV-Vis
detection of percent α-and β-acids.

2.5
2
1.6 1.6

1.53

1.5
Ratio

Percent Acid

Toluene extraction (5 g/100 mL) n=1
Toluene extraction (0.5 g/10 mL)n=3
MeOH extraction (5 g/100 mL) n=1
MeOH extraction (0.5 g/10 mL) n=3
n=1
10 Packaged values
8.7
9
8
7
5.7
6
5.04.7
5
3.4
3.2 3.03.63.2
4
2.8
3
2
1
0
α-acids
β-acids

1

0.90.9
0.60.6
0.3 0.3

0.5
0
α/β ratio

Deterioration ratio

-0.5
Figure 3.4. Results from ASBC Hops-6 and Hops-6M method. UV-Vis detection of percent α-and βacids, α/β ratio, and deterioration ratio, with Cluster variety in leaf form from
HopUnion, are shown using toluene extraction (ASBC method) and MeOH extraction
(modified method), along with sample sizes 5 g or 0.5 g.

3.5. Application of the Hops-6M Method
After the suitablility of this modified UV-Vis method for analysis of hops samples were
established, all samples were prepared and analyzed according to the ideal conditions determined in
the above mentioned studies. The results from this UV-Vis analysis are shown in Table 3.4, along
with the suppliers packaged specifications. On average, the percent difference for the percent αand β-acids and α/β ratio of the leaf extracts deviated from the listed values by 29%, 28%, and 16%
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respectively. For the pellet extracts, differences of 15%, 16 % and 4% were observed. The larger
deviation from the packaged values for hop leafs, compared to pellets, is a common occurrence,
which was confirmed by HopUnion QC lab manager.3 The results from these UV-Vis analyses will be
used to assess the accuracy of the PS-MS and LS-MS methods.

Table 3.4. UV-Vis Determination of α- and β-acids in Toluene Hops Extracts
Variety

Source

UV/VIS Results
% α% βacid
acid

Leaf Extracts (Packages opened 6/21/2012)
Willamette
N. Metzger
5.19
Hops union
Willamette
3.76
Hops union
Simcoe
12.22
Hops union
Czech
3.33
Chinook
Hops union
10.66
Local (used for most PS
Magnum
analysis)
9.68
Local (used for most PS
Nugget
analysis)
11.05
Nugget
N. Metzger, stored
improperly
5.36
Hops
union
Cluster
4.75
N.
Metzger
Cluster
5.43
Pellet Extracts ( Packages opened 5/9/20121)
Hops union
Nugget
11.70
Hops
union
US Magnum
10.58
Centennial type Hops union
8.50
Hops union
Simcoe
15.53
Hops union
Czech Saaz
3.22
NZ Nelson
Brewer's Gold
Mt. Hood

Brewcraft
LD Carlson
Hops Union

6.44
7.68
5.05

Packaged Values
% α% β- α/β
acid
acid Ratio

Percent Difference
% α- % β- α/β
acid
acid Ratio

α/β
Ratio

Deterioration
Ratio

1.59
2.19
2.96
3.45
2.71

3.26
1.72
4.13
0.97
3.93

0.22
0.35
0.37
0.49
0.43

5.70
14.10
2.40
13.00

4.30
3.80
3.40
3.30

1.33
3.71
0.71
3.94

34.1
13.3
38.7
18.0

49.2
22.1
1.4
17.9

29.6
11.3
36.8
0.2

4.42

2.19

0.24

-

-

-

-

-

-

3.54

3.12

0.28

-

-

-

-

-

-

2.00
3.01
3.50

2.67
1.58
1.56

0.47
0.33
0.36

8.7
-

5.7
-

1.53
-

45.5
-

47.2
-

3.5
-

3.96
4.37
5.73
4.65
4.98
2.70
4.55
5.64

2.95
2.42
1.48
3.34
0.65
2.39
1.69
0.90

0.37
0.43
0.36
0.39
0.40
0.15
0.49
0.32

13.30
13.10
9.70
13.00
3.00
9.40
6.10

4.40
5.30
6.70
3.70
4.40
-

3.02
2.47
1.45
3.51
0.68
0.86

12.1
19.3
12.3
19.5
7.4
18.2
17.2

10.0
17.6
14.5
25.8
13.1
20.6

2.3
2.0
2.5
5.0
5.0
4.3

7.10
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CHAPTER 4
PS-MS AND LS-MS METHOD DEVELOPMENT
4.1. Introduction and Brief Description of PS-MS and LS-MS Optimization Methods
The goal of this research is to develop a faster and easier method for analysis of hops. Here
we develop two new methods for analysis of hops, paper spray mass spectrometry(PS-MS) and leaf
spray (LS-MS), each having its own advantages and limitations. PS-MS can be used quantitatively,
while LS-MS provides qualitative information only. LS-MS is a very fast and easy technique, and can
acquire data in a matter of seconds. On the other hand PS-MS sample preparation takes more time.
When using PS-MS, first, paper triangles of equal size have to be cut, next a hops sample extract
must be prepared, then the extract is spotted on paper. The paper triangle can be easily fixed in an
exact and optimal position in respect to MS inlet, after which the spray solvent and high voltage F
applied to ionize the analytes from the paper. When using LS-MS, the hops leaf is cut, fixed in a
optimal position) in respect to MS inlet, and spray solvent and a high voltage is applied to ionize the
analytes from the leaf. The ease of use of PS-MS and LS-MS is shown in Figure 4.1. PS-MS is much
more reproducible than LS-MS. LS-MS is easier to use, but sacrifices reproducibility as
demonstrated in this chapter.
In this PS-MS and LS-MS method development section, several different parameters were
optimized. PS-MS variables that were optimized included:
Extraction procedures,
Paper size,
Spray solvent type and amount,
Amount of applied spray voltage, and
Arrangement of paper in respect to MS inlet.
LS-MS variables that were optimized included:
Spray solvent type and amount,
Amount of applied spray voltage, and
Arrangement of leaf in respect to MS inlet.
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Figure 4.1. Ease of use of PS-MS compared to LS-MS. Schematic outline of the steps involved.
4.2. MS Instrument Optimization
All experiments were carried out using a Thermo Fisher LTQ mass spectrometer. The
optimal instrument operating and tuning parameters where obtained by using the automated
optimization procedure in the Thermo Xcaliber software package and are shown in Table 4.1. Hops
acids ionize well in both positive and negative modes, but negative mode is preferred due to the
tendency of hops acids to form sodiated adducts in positive mode.

Table 4.1. Optimal MS Instrument Parameters
Ion tuned on (m/z)
Tube lens (eV)
Capillary Voltage (eV)
Capillary temperature (°C)

Low Mass Tuning
361
-68
-39
200

High Mass Tuning
1109
-100
-35
200
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A PS mass spectrum showing the hops acids is shown in Figure 4.2, which includes α-acids
cohumulone (m/z 347) and humulone (m/z 361), and β-acids colupulone (m/z 399) and lupulone
(m/z 413). The other ions (m/z 278, 292, 375, 429, and 443) shown in the mass spectrum represent
hops acids oxidation or degradation products.
PS Nugget gland3 pollen blk1_111110090054 #67-242
T : IT MS - p ESI Full ms [50.00-2000.00]
361.25
Humulone
100

(α-acid)

90
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Figure 4.2. PS-mass spectrum of hops acids in negative ion mode.

4.3. Data Processing and Optimization Evaluation Methods
With both techniques, standard variety characteristics were calculated. These included α/β
ratios, percent α- and β- acid content, and cohumulone ratios. The accuracy of each method was
assessed by comparing the experimental values of the standard variety characteristics to those
acquired by UV-Vis analysis (Chapter 3). The results from these studies will determine which
method, PS-MS or LS-MS will be used for variety differentiation by PCA and direct analysis
fingerprinting.
Evaluation of parameter optimization for PS-MS and LS-MS was based on signal stability,
signal intensity, and reproducibility of mass spectrum. The signal stability is a measure of ion
intensity over a period of time. To assess the signal stability in PS-MS and LS-MS, a percent relative
standard deviation (% RSD) calculation was devised. A lower % RSD value equates to higher stability,
since a small amount of deviation is desirable. In our PS-MS and LS-MS signal stability RSD
calculations, the average intensity of a selected ion across the selected portion of the chronogram is
recorded. Next, ion intensities at five equidistance points along the selected area of the
chronogram are recorded, and the RSD of the entire area is calculated (Figure 4.3).
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Figure 4.3. Total Ion Chronogram (TIC) and depiction of RSD calculation of signal stability.
A specific window of the TIC is selected for spectrum averaging. The intensities at these
five points are compared to the ion average across the selected portion of the
chronogram, and the RSD is calculated.
Due to PS-MS having a less stable signal than conventional ESI-MS methods, and also
because different shaped peaks are observed between analyses, it is important that a proper
portion of the MS be selected for averaging. This area should be consistent between analyses and
representative of the sample. When using 25 µL of spray solvent, the spray duration is typically 1
minute, but can range from 0.5 to 1.0 minutes. Therefore, the entire area under the peak cannot
simply be selected, but a specific time window must be carefully chosen. Shown in Figure 4.4 are
five total ion chronograms (TIC's) generated by five separate analyses, using a Magnum variety leaf
extract, and 25 μL of MeOH spray solvent. The time window range selected for averaging was, 0.20
to 0.40 minutes. The %RSD's of the area under the curve (AUC) range from 1.90% to 7.59%, and
shows that 0.20 to 0.40 minutes is a suitable time window.
4.4. Paper Spray Mass Spectrometry (PS-MS) Optimization
4.4.1. Extraction of Hops Acids from Cones and Pellets
4.4.1.1. Extraction Procedure
Dried hops cones and pellets were extracted in several different solvent systems with
varying chemical properties. The selection of these solvent systems was based on the extraction
solvents previously used in literature. The extraction efficiency of each of these systems was
assessed, and the optimal extraction solvent was used for further analyses. Approximately 10-15
mg (3 bracts, the exact mass recorded) of dried hops was added to a 1.5 mL Eppendorf tube , and
1.000 mL of extraction solvent was added. The samples were vortexed for 30 minutes, and allowed
to equilibrate until the insoluble materials settled to the bottom of the tube. The supernatant was
used for analysis.
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Figure 4.4. Reproducibility of 0.20-0.40 minute spectrum averaging. In this time window, the
RSD's of the ions range from 1.90% to 7.59%, and therefore shows that this is an appropriate section
of the chronogram to select.
4.4.1.2. Extraction Solvent Selection
Shown in Figure 4.5 are four different extraction solvents that were used to extract hops
acids: MeOH/1% formic acid, isopropyl alcohol (IPA), hexane, and water: MeOH: chloroform
(1:2.5:1) was used as the spray solvent. The same ions with similar ratios are present in both the
MeOH/1% formic acid extract and the IPA extract. The hexane and water: MeOH: chloroform
(1:2.5:1) show the same ions and similar ratios, but the most noticeable difference occurs around
m/z 300 to 400, where additional compounds were extracted, possibly fatty acids or lipids, due to
the solvent's higher hydrophobicity. The intensities of the hops acids in each extraction solvent are
plotted in Figure 4.6. IPA extracted the greatest amount of the hops acids. Overall, IPA was chosen
as the optimal extraction solvent due to its high extraction efficiency, ease of extraction process, the
richness of spectral data acquired in m/z range 600 to 2000, and the lowest amount of background
ions present in the m/z range 200 to 400.
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Figure 4.5. PS-MS spectrum of hops extracts using different extraction solvents. a)MeOH/1%formic acid, b)IPA, c) hexane, d) MeOH:
water: chloroform 1:2.5:1, and e) Dichloromethane. Nugget Hop variety and 50μL MeOH spray solvent was used.

Intensity
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Figure 4.6. PS-MS extraction solvent composition optimization. Intensities of the four hops acids
prepared in a 10X diluted extract in IPA, water: MeOH: chloroform (1:2.5:1), MeOH/1%
formic acid, and dichloromethane(DCM). IPA has the greatest extraction efficiency as
shown by the largest intensities.
4.4.1.3. Extract Dilution
In highly concentrated samples, it is possible for ionization suppression to occur, which
manifests itself in the form of errors in the α/β ratio. It is expected that the β-acids will suppress the
α-acids at high concentrations, because of the presence of four hydrophobic prenyl groups and two
hydroxyl groups in the β-acids, as opposed to only three prenyl groups and an additional hydroxyl
group in the α-acids. The concentration of the sample extracts for PS-MS were ~3 mM. This
approximation was estimated using 5% α-acid and 5% β-acid w/w% content (assuming 100%
extraction efficiency). The optimal concentration for mass spectrometry (using a linear ion trap
mass analyzer) is ~10 μM,1 so therefore the primary stock concentration is ~300 times more
concentrated than the instrument's operating range. However, after the extract(2.5 μL) is spotted
on the paper triangle, it is diluted by the application of the spray solvent (10-50 μL). Only a small
percentage of the total amount spotted on the paper is removed during an analysis. We found that
even after 15x15 μL additions of spray solvent to the paper, the intensity of the analytes was nearly
the same as the first aliquot. This implies that only a small fraction of the analyte had partitioned
into the spray solvent per aliquot. When using the concentrated extract, large variations in the α/β
ratios were observed, due to ionization suppression occurring at high concentrations. The optimal
concentration was determined to be a 10X dilution factor, because reproducible α/β ratios were
achieved. With the 100X and 200X dilution, the intensity of the hops acids were below the
detection limit in some samples.
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4.4.2. Paper Substrate
The types of papers that were tested included cation exchange, anion exchange, and
chromatography paper. Chromatography paper was selected because of the least amount of
background noise present. Different size papers can be used for analysis, as long as enough spray
solvent is applied to fully wet the paper without causing it to droop. Previous work by the Cooks
group carefully investigated the effect of the size of the paper triangle.2 The size and shape of the
paper triangle has a large effect on the spectra: the larger the tip angle, the smaller the tolerance,
and shorter the critical distance, and the greater the voltage needed.2 Also, a smaller tip angle will
provide the greatest signal intensity. Based on the published work we selected isosceles paper
triangles, stencil cut from chromatography paper, with a size of 17x17x16 mm and a spray tip angle
of 55°.
4.4.3. Spray Solvent
4.4.3.1. Spray Solvent Composition
The different spray solvent compositions that were investigated in our experiments
included: IPA, 100% MeOH, 75% MeOH, 50% MeOH, and hexane. The optimal spray solvent was
selected based on its signal stability and intensity. Signal stability was expressed as %RSD, and
calculated over the time range window of 0.2-0.4 minutes (Figure 4.7).
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Figure 4.7 Spray solvent optimization as a measure of a) signal stability , and b) ion intensity. The
optimal spray solvents are 75% MeOH and 100% MeOH which gave the most stable
signal and the highest ion intensities. The worst spray solvent was 50% methanol, which
had the lowest signal stability and extremely low ion intensity.
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It was determined that the optimal spray solvent contains high MeOH concentrations (100%
or 75%). The highest signal stability was achieved with 75% MeOH with an RSD of 10.90%, followed
closely by 100% methanol which gave an RSD of 13.72%. The high MeOH spray solvents also gave
the highest ion intensity. This aligns well with previous studies which stated that high methanol
concentrations are needed for negative ion mode PS-MS.3 Hexane, IPA, and 50% MeOH had poor
signal stability with an RSD >35%. The worst spray solvent was found to be 50% MeOH, which had a
signal stability RSD of 35%, and also the lowest ion intensity, which can be attributed to its lower
surface tension. These results also align well with the accepted ESI-MS solvent types. 1
4.4.3.2. Spray Solvent Volume
The optimum volume of solvent necessary should be large enough to ensure proper wicking
of the analytes from the paper via capillary action and to allow contact with the high voltage
connection, but small enough so the paper will not droop due to its weight3a and cause its position
in respect to the MS inlet to change. Also, the more spray solvent that is added to the triangle, the
longer the sample will spray. Our studies found a linear relationship between triangle size and the
corresponding spray solvent volumes (Figure 4.8a). When using a 17x17x16mm size triangle, a 50 µL
aliquot of spray solvent can be used, but the optimal range is 30-60 µL (Figure 4.8b). These results
align well with previous PS-MS work, were 25-50 μL of spray solvent were used.3-4
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Figure 4.8. Spray solvent volume optimization. a) Relationship between spray solvent volume and
paper triangle size, and b) Optimal volume of spray solvent is 30-60 μL for a paper size
17x17x16mm.
4.4.4. Applied Spray Voltage
High voltage applied between the paper tip and the inlet to the mass spectrometer drives
the movement of analyte from the paper surface and is responsible for the ionization process. To
optimize this value, 50 μL spray solvent was applied to a 17x17x16mm paper triangle placed 5 mm
from the MS inlet, and the spray voltage was varied between 3.0 and 4.0 kV at 0.25 kV increments.
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A spray voltage of 3.5 kV gave the highest signal intensity and had the best reproducibility (Figure
4.9). Severe corona discharge occurred at 4.0 kV and the spray was unstable below 3kV. We also
observed that the spray duration is dependent on the amount of spray voltage, along with spray
solvent volume. These results align well with the spray voltage that is used for negative ion mode
paper spray, which commonly uses 3.0 or 3.5 kV.
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Figure 4.9. PS-MS spray voltage optimization. Spray voltage as a measure of average ion intensity.
A spray voltage of 3.5 kV gave a higher signal intensity, and the smallest amount of
error.
4.4.5. Distance of Paper Tip to MS Inlet
The critical distance from spray tip triangle to the MS inlet was optimized. Previous work
done by Yang et al, related the critical distance to the magnitude of the angle at the tip of the paper
triangle2, 5. They found that the larger the angle, the shorter the critical distance. However the
tolerance decreased as the angle increased, and therefore a smaller tip angle in the range of 30-60ᵒ
is preferred. Another study performed by the same group used a triangle that was 10x10x5mm, and
found that a large distance tolerance, with the highest signal stability was observed in a 5 x 10 mm
(X by Y) area located 4mm away from MS inlet.3a In our distance optimization experiment, the paper
was cut to 17x17x16 mm, and 50 μL of spray solvent was applied. The results of our distance
optimization study are shown in Figure 4.10, and align closely with the previously published paper
spray optimization work described above. The following range of distances was assessed: 2.5 mm to
12.5 mm. Additional data points were collected near the optimum value of 5 mm. The highest signal
stability was observed when the tip of the paper was arranged 3.25 to 7.25 mm away from MS inlet.
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Figure 4.10. PS-MS distance of paper tip to MS inlet optimization. The most stable signal was
observed when the paper tip was arranged 3.25 to 7.25mm mm away from the MS
inlet.
4.4.6. Solvent Delay Time
A time acquisition delay study was performed, where the time from when the solvent is
applied to the paper, to the time the analysis began, was varied. In this experiment, 50 μL of 10 μM
IBU in MeOH spray solvent was used, and the delay times included: applying spray solvent before
acquisition, no delay, 10 second delay, and 20 second delay. In the first analysis, the spray solvent
was added and acquisition began immediately, and no definite peak eluted. In the next analysis, the
spray solvent was added after the acquisition started, and a clearly defined peak eluted. In the final
two analyses, the time delay was set at 10 and 20 sec., where clearly defined peaks were also
eluted. The reproducibility between samples (n=3) was assessed by the internal standard: hops acid
ratios. The results from this study are shown in Figure 4.11, and shows that the least amount of
variation occurs with a 10 second delay time, followed by acquiring spectra immediately after
adding the solvent. Large error occurs with a 20 second delay time, which may be due to the
solvent being more fully absorbed into the pores of the paper, making it more difficult to extract,
and therefore difficult to ionize the sample.
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Figure 4.11. The effect of solvent delay time (after addition of spray solvent and before
acquisition) on PS-MS reproducibility. The RSD's internal standard ratios of each of
the hops acids are plotted with the different delay times. The least variability occurs
when the acquisition starts 10 seconds after spray solvent is applied, and the next best
delay time is acquisition immediately after adding spray solvent.
4.4.7. Position of Extract Spotted on Paper
The position of the sample extract spotted onto the paper triangle was investigated. In one
experiment, the sample was spotted in the center of the paper, in another experiment the sample
was spotted on the tip of the paper triangle. In each experiment, three trials were performed by
spotting 2.5 μL of a 10X diluted hops extract containing 100 μM ibuprofen(internal standard) to
separate triangles, and then applying 50 μL of MeOH spray solvent. The intensities of the internal
standard and four hops acids were recorded. The reproducibility was evaluated using a %RSD
calculation of the average internal standard ratios of all 4 hops acids, α/β ratio, cohumulone ratio,
and colupulone ratio. The results from this experiment (Figure 4.12) show that the optimal
placement of the sample extract is on the tip of the triangle, due to higher signal stability and
reproducibility (smaller RSD values) in the four parameters listed above. The large RSDs of internal
standard ratios(124.9%) and α/β ratios (68.4%) when the extract was spotted in the center of the
triangle vs. the tip of the triangle(29.7% and 18.5% respectively), suggests that a)ionization
suppression between the internal standard, the α-acids and the β-acids is occurring, and/or b) the
compounds are traveling through the paper substrate at unequal rates. Table 4.2 summarizes the
optimization for PS-MS.
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Figure 4.12. Optimization of position (middle vs. tip) of the sample extract spotted on the
triangle. Evaluated as a measure of RSD of: average internal standard (IS) ratios of all
four hops acids, α/β ratios, cohumulone ratios, and colupulone ratios. When the
sample extract is spotted on the tip of the triangle, greater signal stability and
reproducibility is achieved.

Table 4.2. Summary of PS-MS Calibration Curve Results (ICE-3 Corrected Amounts)
100 μM IBU, in 50 μL MeOH
Analyte
Y=
R2
Level of detection
(IS ratios)
Limit of linearity
(IS ratios)

m/z 347
3159x-0.076
0.9961

m/z 361
2206x-0.087
0.994

m/z 399
12237x+0.116
0.9925

m/z 413
12965x+0.1049
0.9941

0.02

0.02

0.06

0.09

2.67

3.95

10.34

8.86

10 μM IBU, in 50 μL MeOH
Y=
r2
Min. linear ratio
Max. linear ratio
50 μL MeOH
Y=
r2
Min. linear intensity
Max. linear intensity

Internal Standard Method

Internal Standard Method

2.12e4x-3.63e-1

1.68e4x6.88e-1

1.29e5x-2.65

1.04e5x-2.25

0.9879

0.9860

0.9802

0.9807

0.1
2.07

0.16
5.93

0.51
20.11

0.43
17.19

Intensities (No Internal standard)
1.51e10x-3.58e4

1.25e10x-1.60e5

8.43e10x+2.23e5

0.9997
2.32E+05
1.27E+06

0.9999
3.12E+05
2.24E+06

0.9385
1.02E+06
7.18E+06

8.11e10+6.7
7e5
0.9486
1.34E+06
6.09E+06
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4.4.8. Quantitation
4.4.8.1. Internal Standard Optimization
To accommodate for the variability in ion intensities in PS-MS, due to extraction efficiencies
from the paper, slight variations in the position of the triangle, or solvent application, an internal
standard (IS) was used. Ibuprofen (IBU) was chosen as the internal standard because its structure is
somewhat similar to the hops acids. The molar mass of ibuprofen is 206 g/mol, compared to
humulone (362 g/mol) and lupulone (414 g/mol). The internal standard ratios for all of the hops
acids were calculated (

). The reproducibility of the internal standard ratios was

% RSD of internal standard ratios

investigated by spiking IBU either into hops extract or into the spray solvent, and varying the
concentration of IBU from 10 to 100 μM In Figure 4.13, the deviations in the internal standard ratios
(n=3) for each of the four hops acids are plotted. The greatest deviations in internal standard ratios
was with the 10X diluted extract with the internal standard (10 µM IBU) added in the spray solvent.
The least deviation occurred with 10X diluted extract with internal standard (100 µM IBU)
incorporated into the extract. To conclude, the optimal mode of application of the internal standard
was to incorporate it into the solvent extract, and the optimal concentration was 100 µM in a 10X
diluted hop extract.

10X Nugget Extract with 100 uM IBU in extract
100X Nugget Extract with 10 uM IBU in extract
10X Nugget extract with 10 uM IBU in spray
10X Centennial type with 100 uM IBU in spray
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Figure 4.13. Mode of internal standard (IBU 10 or 100 µM) application for PS-MS analysis, added
directly to extract, or added to spray solvent. The best results were obtained with 10X
diluted extract with 100µM IBU spiked directly into the extract. The numbers on top of
the bars indicate the % RSD of the ratio between IS and analyte signal.
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4.4.8.2. PS-MS Calibration Curves
To quantitate the amounts of hop acids in the extract, PS-MS calibration curves where
constructed in two different ways; by plotting the concentration of the hop acids vs. PS-MS ion
intensity and also vs. the internal standard ratio. A calibration standard was purchased from ASBC,
called ICE-3 (international calibration standard), and its labeled composition was listed in Chapter 3,
Table 3.1. Calibration curves for each of the four hop acids: cohumulone (m/z 347), humulone (m/z
361), colupulone (m/z 399), and lupulone (m/z 413 ) were constructed.
Using these calibration curves, the concentrations of the hops acids in all varieties was
calculated, and a large deviation from the UV-Vis determined amounts (chapter 3) was observed. A
likely cause of this error could be attributed to the degradation of the calibration standard over
time. To verify the composition of hops acid in the calibration standard, it was tested using ASBC
Hops-6 method: UV-Vis spectroscopy. It was found that the % α-acid=11.11% and %β-acid= 7.32%,
differed greatly from the packaged amounts of 44% and 24% respectively. Also, the deterioration
ratio was calculated to be 1.18 (fresh hops have low levels of degradations and have deterioration
ratios ranging from 0.25 to 0.40), which confirms that the calibration standard had significantly
degraded.
It is known that hop acids are highly subject to oxidative and thermal degradation. Because
the stock ICE-3 was an inhomogeneous resin at room temperature, a small amount of heat was
needed to liquidify the standard so it could be stirred and quantitatively transferred to a volumetric
flask. After multiple heating and cooling cycles of the stock, it was suspected that the extract was
no longer the same as the specified composition. The inaccuracy in values acquired by the
calibration curve could also be attributed to the behavior of the hop acids after it was diluted with
IPA. After ~1 hour, a white cloudy precipitate began to form in the flask. After a literature
investigation, it was hypothesized that this cloudy precipitate was due to the tendency of
isohumulones to form supermolecular compounds with proteins, via hydrogen bonding and
hydrophobic interactions.6 This would imply that some of the α-acids had isomerized, and the total
amount of α-acids detected would be less than specified by the manufacturer.
The PS-MS calibration curves were corrected using percent α- and β-acid composition of
ICE-3 determined by UV-Vis data. The internal standard method gives values of % α- and β-acids
that are much closer to those acquired by UV-Vis. The calibration curves that adjusted the ICE-3
concentration to the UV-Vis acquired concentration were much more accurate than those that used
the supplier labeled specifications. A summary of these calibration curves are shown in Table 4.2.
To conclude, the internal standard ratio is necessary for accurate calculation of hops acids in PS-MS,
and also that the PS-MS calibration curves must be adjusted using the UV-Vis acquired data for ICE-3
calibration standard.

60
4.4.8.3. PS-MS Calibration Validation by UV-Vis
All PS-MS acquired data for different hops varieties were processed using the internal
standard method of calibration and the UV-Vis corrected concentrations of ICE-3 calibration
standard. Most of the PS-MS values were close to the UV-Vis values, but in some cases differed by
up to 30% (Table 4.3). To improve the accuracy of PS-MS detection of hops acids, the same sample
extracts should be prepared and analyzed by both PS-MS and UV-Vis on the same day. Here,
separate extracts were prepared on different days. The time between opening the hop package for
PS-MS analysis and UV-Vis analysis was 1+ months in some cases, so this exposure to the
environment may have an effect on the composition of the hops. Another way that the accuracy
could be improved is by using a fresh and more homogenous calibration extract to make the
calibration curves.
Table 4.3. Composition of Hops Pellets Determined by PS-MS Calibration Curves Compared to
UV-Vis (With Corrected ICE-3 Calibration Standard and IBU Internal Standard) (n=3)
Variety

Nugget
Centennial
Brewers
Gold
NZ Nelson
Simcoe
Czech Saaz
Mt. Hood
Magnum

Method

PS-MS
UV-Vis
PS-MS
UV-Vis
PS-MS
UV-Vis
PS-MS
UV-Vis
PS-MS
UV-Vis
PS-MS
UV-Vis
PS-MS
UV-Vis
PS-MS
UV-Vis

PS-MS
% α-acid
Calibration
Curve (IBU
concentration)
100 μM IBU
8.06
11.70
100 μM IBU
11.71±5
8.50
100 μM IBU
6.43±0.54
7.68
100 μM IBU
8.40±2.00
6.44
10 μM IBU
18.56±1.97
15.53
100 μM IBU
2.29±0.18
3.22
100 μM IBU
4.94±2.55
5.05
10 μM IBU
2.72±0.76
10.58

% β-acid

0.54
3.96
3.49±2
5.73
1.32±0.45
4.55
1.76±0.44
2.70
3.33±0.15
4.65
1.13±.01
4.98
2.58±1.59
5.64
0.77±0.13
4.37

α/β ratio

14.85
2.95
3.60±0.67
1.48
5.25±1.58
1.69
4.79±0.31
2.39
5.57±0.60
3.34
2.03±0.15
0.65
2.00±0.26
0.90
3.53±0.40
2.42

Cohumulone
ratio*

0.20
0.25-0.30
0.25±0
0.28-0.30
0.30±0
0.40-0.48
0.19±0.01
0.24
0.17±0
0.15-0.20
0.25±0.01
0.24-0.28
0.18±0.02
0.22-0.27
0.22±0.01
0.25-0.30

* The cohumulone ratio was not determined by UV-Vis, but a variety manual was referenced for the
cohumulone ratio.7
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4.4.9. Results and Discussion of PS-MS Optimization
Further work is needed to improve quantitation with PS-MS. A fresh calibration extract with
known composition will be needed, and the same, freshly prepared sample that is used to prepare
the PS-MS calibration standards should also be analyzed by other methods (HPLC or UV-Vis) to
validate its composition. Also, it may be beneficial to filter the sample through a 0.45μm syringe
filter to remove the white protein-acid aggregate. However, the goal of PS-MS is to reduce sample
preparation steps, so the effect of filtering the calibration standard should be investigated. One
advantage of PS-MS is that the aggregate will stick to the paper and therefore won't need to be
removed by filtration. It was shown in the internal standard optimization section 4.4.8.1., that the
optimal mode of applying the internal standard was by spiking it directly into the extract. This was
only discovered later in the research process and unfortunately the data shown in Table 4.3 was
acquired by applying the internal standard into the spray solvent. Also, the distance of the tip of the
paper to the MS inlet was not exactly the same in each analysis (~5 mm), although a good estimate
was made by using a distance marker, rather than by counting the exact number of turns of a knob
that adjusts the position. Later it was found that the magnitude of the intensity is highly dependent
upon the distance (see distance optimization section 4.3.3.4.). The slight variations in the distances
used for the generation of the calibration curve, and also the analysis of the samples, could be
responsible for some of the observed deviations. Due to the lack of confidence in the integrity of
the ICE-3 calibration standard, UV-Vis was employed to evaluate the accuracy of the our PS-MS
method. Table 4.4 summarizes the optimization for PS-MS.

Table 4.4. PS-MS Optimization Summary
Parameter
Extraction Solvent
Spray Solvent
Type
Volume
Position of Extract spotted on paper
Paper
Type
Size
Angle of spray tip
Distance of leaf tip from MS inlet
Amount of applied voltage

Optimal
IPA
75% MeOH
30-60 uL (16.8x17.9x17.9 mm)
Tip
Chromatography
16.8x 17.9x17.9 mm
50ᵒ
3.25-7.25 mm
3.5 kV
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4.5. Leaf Spray Mass Spectrometry (LS-MS) Optimization
4.5.1. Introduction
LS-MS is a great technique to acquire qualitative data in a matter of seconds. It's simplicity
is due to the lack of sample preparation steps, and minimal use of solvent. LS-MS variables were
optimized in the same systematic way as PS-MS. The LS-MS optimization parameters include: spray
solvent type and amount, amount of applied spray voltage, and distance of tip of leaf from MS inlet.
The ability of the LS-MS to ionize different compounds based on solvent selection is also a key
feature of this method.
4.5.2. Spray Solvent
4.5.2.1. Spray Solvent Composition
A key feature of LS-MS is its ability to obtain different spectral data, based on the chemical
properties of the selected spray solvent. Six different spray solvents were investigated for
extraction capabilities: MeOH/1% formic acid, MeOH, IPA, dichloromethane(DCM), hexane, and
isooctane. These solvents were chosen to investigate how solvent polarity will affect the extraction
efficiency and spectral richness. The less polar solvents, hexane and isooctane, are expected to
extract more non-polar compounds such as lipids, fatty acids, or hydrocarbons; whereas polar
solvents should have a higher extraction efficiency of polar compounds including the hops acids and
other polyphenolic compounds. In this solvent composition investigation experiment, a 10 μL
aliquot of solvent was added to a different leaf from the same location of the same cone of the
same variety. A high voltage (3.5 kV) was applied through an alligator clip to extract and ionize the
analytes from the leaf. The extraction capabilities of each solvent are shown in the mass spectrum
in Figure 4.14, and the results are summarized in Table 4.5.
The results from this experiment shows that the highest intensity of the hop acids were
achieved with MeOH/1%formic acid, followed by IPA, and then MeOH. IPA and MeOH extracted
similar ions in similar relative abundances in m/z range ~700 to 1100, but were not nearly as
abundant as MeOH/1%formic acid, however, MeOH gives a more stable signal. The supporting
evidence for MeOH spray solvent stability can be found in the PS-MS Spray Solvent Composition
optimization section.
The dichloromethane LS-MS looked similar to the first three listed solvents, with similar
relative abundances of ions observed in m/z range ~700 to 1100, but differed by the presence of
additional ions at m/z ~1460 and ~1860. In addition with DCM the hop acids were 50 times less
intense than with MeOH. The lowest total intensity was observed with hexane and isooctane
solvents, which is expected in ESI-MS, due to their low surface tension and low polarity. Hexane
gave the cleanest spectrum, with the least noise, and it was also found that α/β ratio is the highest
in hexane of all 6 solvents (β-acids have lower relative abundance). The lower relative abundance of
β-acids in the hexane solvent is baffling, because β-acids are more hydrophobic than the α-acids,

Figure 4.14. LS-MS extraction capabilities of hops with different spray solvents. a) MeOH/1% formic acid, b) MeOH, c) IPA, d)
dichloromethane, d) hexane, and e) isooctane (solvents are listed in order of increasing polarity).
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Table 4.5. LS-MS Solvent Composition and Its Effect on MS Characteristics
Spray Solvent
MeOH/1%formic
acid

MeOH

IPA

Dichloromethane
(DCM)

Hexane

Isooctane

Hop acids (m/z 347 to 413) have the highest intensity in this solvent
Less spectral information acquired in m/z range~700 to 1100 than
MeOH and IPA
α/β ratio is less than MeOH and IPA (β-acids higher relative
abundance)
Hop acids (m/z 347 to 413) have a high intensity in this solvent.
Ions observed in m/z range ~700 to 1100
α/β ratio in IPA and MeOH is similar
Hop acids (m/z 347 to 413) have the second highest intensity in this
solvent. (MeOH/1%formic acid > IPA > MeOH)
Ions observed in m/z range~700 to 1100
α/β ratio in IPA and MeOH is similar
Hop acids (m/z 347 to 413) are 100x's less intense than
MeOH/1%formic acid, MeOH, and IPA.
Ions observed in m/z range ~ 700-1100 are similar to the above listed
solvents, but additional ions are present at m/z ~1460 and ~1860
Hop acids (m/z 347 to 413) are ~50x's less intense than
MeOH/1%formic acid, IPA, and MeOH
Very clean spectra, little background noise
The most dominant peaks are hop acids (m/z 347 to 413)
α/β ratio is the highest of all 6 solvents (β-acids have lower relative
abundance)
Hop acids (m/z 347 to 413) are 6000x's less intense than MeOH.
The richest spectral data is acquired with this solvent.
Higher molecular weight ions have greater relative abundance
compared to the hop acids
347 m/z
361 m/z
399 m/z
413 m/z

1.E+07
LS-MS Intensity

MS Characteristics

8.E+06
6.E+06
4.E+06
2.E+06
0.E+00
0.00

20.00
Dielectric Constants (δ)

40.00

LS-MS Spray Solvent properties
Solvent
Dielectric Constant (δ)
at 25ᵒC
MeOH
33.0
IPA
17.9
DCM
10.36
Hexane
1.89
Isooctane
1.94
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and should have greater partitioning into the non-polar solvent. As the dielectric constant (or
polarity) of the solvent increases, the intensity of the hops acid increase (Table 4.5) The richest
spectral data was acquired with isooctane, where many higher molecular weight ions at m/z ~700,
~1100, ~1460, and ~1860, dominated the spectrum.
These different extraction capabilities by LS-MS for compounds presented are interesting,
and some of the higher molecular weight ions shown here are observed for the first time. The
discovery of these new ions may have future applications in the study of hops polyphenolic
compounds. The application of the LS-MS method for varietal characterization, will focus on the
hop acids in the m/z 347 to 413 range, and therefore the optimal spray solvents that can be used for
this LS-MS hop analysis, are MeOH and IPA. The intensities of hops acids in different solvents is
plotted against the solvent dielectric constant.
4.5.2.2. Spray Solvent Volume
Throughout the LS-MS experiments, the volume of spray solvent was varied to
accommodate for the different sized leafs analyzed, to achieve a stable signal. In the PS-MS
optimization, it was shown that a linear relationship exists between the area of the paper substrate,
and the optimal spray solvent volume. Again, it is necessary to state that an adequate amount of
solvent should be applied to the leaf to fully wet the surface, and allow the analytes to efficiently
partition and be extracted into the spray solvent and to make an electrical connection. However,
adding too much solvent may cause the leaf to droop and change position with respect to the MS
inlet, and also excess solvent can increase analysis time. The leaf contains a plethora of complex
natural compounds that could possibly interfere with analysis. Hop leafs, as with most plant leafs,
have an outer wax coating8 that will prevent some solvents from completely penetrating the leaf.
This does not pose a problem for extraction and detection of the hops acids, because the lupulin
glands containing the hops acids, are situated on top of this protective waxy layer. The ease of
extraction of solvent from the leaf matrix translates into less spray solvent being absorbed into the
leaf compared to PS-MS, so a smaller volume may be used with LS-MS. Generally 5 to 50 μL of spray
solvent is needed for analysis. A previous study by Liu et al, showed that the variation in the
amount of solvent had little impact on the spectral data acquired, nor did the spray duration, but
that a somewhat larger volume of solvent is necessary for dehydrated plant samples.9 All hops
samples used in these analyses were dried, which necessitates larger solvent volumes to fully wet
and extract the compounds from the leaf surface. The optimal spray solvent volume should
maximize the intensity, while providing a stable signal.
In most of our LS-MS experiments, a spray solvent volume of 10 μL was used, which
rendered an analysis time of ~1 minute. Different spray solvent volumes were investigated using 5,
10, or 15 μL. In this experiment, the different volumes of spray solvent were applied to different
leafs from the same area of the same cone of an unknown variety harvested from WMU campus.
These leafs were cut to a sharp tip. The tip was cut towards the point of attachment of the leaf to
the bracht where the highest concentration of lupulin glands are present. It was discovered that a
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linear increase in ion intensity occurs with increasing volumes of spray solvent. The correlation
coefficients for the β-acids were nearly 1, and slightly less for the α-acids (Figure 4.15). Figure 4.15
shows that as the volume of the spray solvent increased, the intensity of the β-acids (m/z 399, 413)
increased, while the intensity of the α-acids (m/z 347, 361) decreased. This trend is contrary to the
statement by Liu et al that the volume of spray solvent in LS-MS has no effect on the signal.9
Ionization suppression of α-acids by β-acids can also be observed in Figure 4.15, and it is highly likely
that the increase in β-acids may be causing the decrease in α-acids. This observation of the
relationship between solvent volume and intensity will be of value in future leaf spay quantitative
applications.
The signal stability was also assessed. The RSD's for 5, 10, and 15 μL of spray solvents were
calculated to be 32%, 11%, and 11% respectively. The optimal spray solvent volume for this leaf size
is 15 μL, due to providing the highest signal intensity and stability. The size of the leaf plays a part in
determining the optimal volume of spray solvent. The results discussed above used leafs of the
same size. When using larger leaves, more spray solvent will need to be applied to fully wet the
leaf.
a)

413 m/z

b)

y = -8800x + 255333
R² = 0.9891

361 m/z
347 m/z

y = 156000x + 2E+06
R² = 1

y = -1500x + 63733
R² = 0.6232

3.E+05
Ion Intensity

Ion Intensity

399 m/z
7.E+06
6.E+06
5.E+06
4.E+06
3.E+06
2.E+06
1.E+06
0.E+00

y = 220000x + 3E+06
R² = 0.9998
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Figure 4.15. Relationship between LS-MS spray solvent volume and hop acids ion intensities in an
unknown hop variety. a) β-acids (m/z 413 and 399) intensities increase as the volume
of spray solvent increase. b) α-acids (m/z 347 and 361) intensities decrease as the
spray volume increases. This may be due to ionization suppression caused by the
increase in β-acids.
4.5.3. Spray Voltage and Distance of Leaf Tip to MS Inlet
To prevent contamination of the atmospheric pressure interface of the mass spectrometer
by the concentrated sample, the leaf was moved further away from the MS inlet. It was observed
that there appeared to be a correlation between the spray voltage setting and distance of leaf tip to
MS inlet was discovered. Previous LS-MS work performed by the Cooks group, used a distance of 5
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to 10 mm from tip of leaf to MS inlet, and a fixed spray voltage of 4.5 kV in the positive mode.10 As
the leaf moves further away from the MS inlet, a larger amount of spray voltage will need to be
applied. With the distance optimization both the distance and the applied voltage needed to be
optimized together. The distance range was varied (5, 10, 20, 25, 30 mm) along with the spray
voltage(3.0, 3.5, 5.0 kV). The leaves were cut to a sharp point, fixed with an alligator clip, the high
voltage was applied, followed by an addition of 15 μL of MeOH spray solvent.
The results from this experiment are shown in Figure 4.16, where a) the average intensity is
plotted as a function of distance and spray voltage, and b) the signal stability (expressed as RSD) is
plotted against the same variables. These results support the hypotheses that as the leaf is moved
further from the inlet, the signal intensity decreases. Also, the further that the leaf is from the MS
inlet, the higher the voltage needed to bridge the gap between the capillary and the counterelectrode in the mass spectrometer. When the leaf tip was place 10 mm away from MS inlet, the
highest intensity and highest signal stability (lowest RSD) was achieved at 5.0 kV. The signal stability
show the same direct relationship to distance and spray voltage as the intensity trends. Low signal
stability and low intensity were observed at 25 mm away, with the lowest being at the high and low
end of the spray voltage (3.0 and 5.0 kV). Low signal stability (80-100% RSD) was observed at 3.0 kV
for all distances. From this data, it can be concluded that the optimal distance range for leaf spray is
10 to 15 mm using a spray voltage of 4 to 5 kV.
4.5.4. Quantitation
One of the limitations of LS-MS is its inability to provide precise quantitative data. The two
different calibration methods applied in PS-MS, external and internal standard methods, cannot be
applied here. An external calibration could not be achieved, because a leaf that is similar in shape
and size, that lacks the hops acids, would be needed as the matrix to apply the external calibration
to. The internal standard method is also unreliable because it is not possible to adequately
incorporate the internal standard into the sample. As shown in the PS-MS Quantitation section,
when the internal std was added to the spray solvent poor reproducibility was obtained Overall, no
reliable form of calibration was achieved with LS-MS, possibly due to the previously stated obstacles
of differences in leaf size, shape, curvature, and distribution of lupulin gland on the leaf surface
between hop cones of same variety, and differences between varieties.
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Figure 4.16. LS-MS distance and spray voltage optimization. a) The average intensity (m/z 361) is
plotted as a function of distance and spray voltage, and b) The signal stability
(expressed as RSD of m/z 361) is plotted against the same variables. As the leaf is
moved further from the inlet, the signal intensity decreases, and higher the voltage is
needed to bridge the gap between the capillary and counter-electrode.
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4.5.5. Summary of LS-MS Optimization
A useful feature of LS-MS is its ability to extract different compounds from a leaf by using
spray solvents of varying chemical composition. Several examples of spectral data acquired by
solvents with different polarities has been shown. The spray solvent chosen was 75% MeOH, and
15µL could be used, but may vary depending upon the leaf size. It was also shown that when the
leaf tip is fixed at the optimal distance of 10-15 mm away from the MS inlet, the correlating spray
voltage needed to provide a high intensity and stable signal equates to 4.5-5.0 kV which is higher
than for PS-MS. The results from LS-MS optimization are shown in Table 4.6. Quantitiaton of the
hop acids was not achieved due to a variety of factors, the first being the inconsistencies in the leaf
shapes and distribution of the lupulin glands on the leaf surface. The next was due to the inability to
adequately incorporate an internal standard into the sample. The following section will focus on the
comparison of PS-MS and LS-MS methods, including a discussion on the advantages and limitations
of each.
Table 4.6. LS-MS Optimization Summary
Parameter
Spray Solvent
Type
Volume
Distance of leaf tip from MS inlet
Amount of applied voltage

Optimal
75% MeOH
15 uL
10-15 mm
4.5-5.0 kV

4.6. Leaf Spray and Paper Spray Comparison
After optimizing each of the parameters for both PS-MS and LS-MS, the two methods were
compared by assessing signal stability, accuracy and reproducibility. Taking these qualities into
consideration, a decision was made as to which method should be implemented for hops varietal
characterization through PCA analysis.
4.6.1. Signal Stability and Reproducibility
The signal stability and reproducibility were compared for both LS-MS and PS-MS, and also
the reproducibility of each these methods was examined. After careful optimization of key
parameters in PS-MS, a stable signal could be achieved, which was also reproducible. On the other
hand, difficulties arose in LS-MS with signal reproducibility. In Figure 4.17a, the signal stability was
evaluated by measuring the RSD of ion m/z 361 intensity, and shows that comparable signal
stabilities were achieved with LS-MS and PS-MS, 13% and 11% RSD respectively. In Figure 4.17b, the
reproducibility is shown for ions m/z 361 and 413, and was calculated from 2 varieties, and 4
samples from each variety. LS-MS is much less reproducible than PS-MS, (55%, 46% vs. 21%, 26%
RSD). This irreproducibility in LS-MS can be attributed to the incongruence of the leave shape;
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which can be observed within the same cone. The inner leaves are much smaller and curved,
whereas the outer leaves are generally flatter and larger. This degree of curvature affects the
positioning of the leaf spray tip in respect to the MS inlet. The positioning of the leaf tip in LS-MS,
and also of the paper tip in PS-MS, has been shown to have a large effect on signal stability.
Another factor affecting the reproducibility in LS-MS, is that not all cones and leafs of the same
variety are created equal, and the distribution of the lupulin glands containing the hops acids can
vary slightly to significantly from leaf to leaf, and from cone to cone. A more representative sample
can be prepared in PS-MS, by using a larger sample size to make a homogeneous extract, and the
size and shapes of the paper triangles must be the same to gain consistent results.

b)

a)

120

Signal Stability
RSD 361 m/z Intensity

n=4
25
20
13

15

11

10

Reproducibility
(RSD of ion iintesnity)

30
100

m/z 361

80
60

m/z 413
55
46
21

40

26

20
0

5

-20

0
LS-MS

PS-MS

LS-MS

PS-MS

-40

Figure 4.17. Comparative evaluation of LS-MS and PS-MS methods by signal stability and
reproducibility. Slightly higher signal stability (lower RSD) is achieved with PS-MS,
however PS-MS is more reproducible.
4.6.2. Accuracy
The accuracy of each method was expressed by determining the hops acid content and
comparing it the UV-Vis determined concentrations and also variety manuals. In PS-MS, a
calibration curve was constructed using ICE-3 calibration standard and applying an internal standard.
From this calibration curve, it was possible to determine %α- and %β-acids, α/β and cohumulone
ratios, and results can be found in Table 4.3. The ASBC Hops-6 method has the capacity to
determine %α- and %β-acids α/β ratios, but cannot be used to determine the cohumulone ratio, so
a variety manual was referenced for this accuracy assessment. The differences in the PS-MS
determined amounts compared to the UV-Vis determined amounts ranged from 5% to 30%
difference, while the differences in the PS-MS determined cohumulone ratios compared to the
variety manual ranged from 1 to 10% difference. For accuracy assessment of LS-MS, no calibration
curve could be generated, and therefore the accuracy could not be assessed in the same manner.
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In LS-MS, accurate quantitation of the hops acids could not be determined, due to the
inability to produce a calibration curve by this method. It was possible to calculate the α/β and
cohumulone ratios, based on the intensity of the individual ions acquired in LS-MS. However, these
ratios were uncalibrated values, and deviate from actual ratios because of differences in ionization
efficiencies of the α- and β-acids. To compensate for the differences in ionization efficiencies, an
averaged difference factor (determined by UV-Vis) was calculated for LS-MS and also for PS-MS to
allow for equal comparison. The results from this comparison are show in Figure 4.18, where three
different varieties; Magnum, Nugget, and Cluster, are used to illustrate the accuracy of PS-MS and
LS-MS method based on adjusted α/β and cohumulone ratios. PS-MS of the pellet extract shows the
greatest accuracy and reproducibility , and PS-MS of leaf extracts and LS-MS are much less accurate.
A summary of the accuracy, signal stability, reproducibilty, and ease of use can be found in Table
4.7.
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Figure 4.18. Accuracy assessment of LS-MS, PS-MS (pellet and leaf extracts). a) α/β ratios
compared to UV-Vis, and b) cohumulone ratios from a variety manual.7 Each of the
ratios was adjusted by an average difference correction factor. The best accuracy and
reproducibility was achieved with PS-MS pellet extracts.
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Table 4.7. PS-MS and LS-MS Comparison
Assessment
Signal Stability

PS-MS
More stable (11% RSD) with
smaller error between samples

LS-MS
Less stable (13% RSD) with larger error
between samples

Reproducibility More reproducible: homogeneous
extract is prepared
Position to MS inlet: easier to
control, paper is same size and
shape

Less reproducible: unequal distribution of
analytes on surface of leave
Position to MS inlet: Affected by the
curvature of leaf, which affects intensity
of signal

Accuracy

α/β ratio: 5-40% difference from
UV/VIS
Cohumulone ratio: 5-12%
difference from variety manual

α/β ratio: 11-55% difference from UV-Vis
Cohumulone ratio: 15-21% difference
from variety manual

Ease of Use

Sample preparation slower, due
to extraction procedures
however, able to control amount
of analytes entering MS
Paper may droop when
saturated with solvent
Paper substrate is same size for
all analyses, so spray solvent
volume will also stay the same

Sample preparation faster, however
instrument and equipment cleanup is time
consuming because of high concentration
of analytes
Bracts are brittle and curved, difficult to
handle
Different volumes of spray solvent will
need to be optimized for each variety to
obtain comparable results, due to the size
of the leaf

4.6.3. Conclusion: Move Forward with PS-MS
The capabilities and limitations of PS-MS and LS-MS have been presented in this chapter.
The optimal method to use for variety differentiation studies was determined by assessments of
signal stability, reproducibility, and accuracy. From this information, it was determined that PS-MS
is the best method to use for our hops variety differentiation studies. The following statements
summarize the PS-MS and LS-MS method development section:
•

LS-MS and PS-MS allows for fast and convenient analysis of hops

•

PS-MS provides more control, higher accuracy compared to LS-MS

•

LS-MS is a faster and easier method to acquire qualitative data

•

% α-, β-acid determinations can be verified by UV-Vis

•

Direct analysis by PS-MS will allow for hops variety differentiation by PCA
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CHAPTER 5
VARIETY DIFFERENTIATION
5.1. Introduction
There are many different types of hops varieties that are grown locally, as well as globally.
Each variety has a unique flavor and aroma profile associated with it, and brewers carefully select a
variety based on these characteristics. Our newly developed PS-MS method can assist in the
differentiation of hops varieties. This can be useful when an unknown variety is harvested, or for
authentication purposes. The two methods that will be used to differentiate varieties include: a
statistical analysis (PCA) of chemical profiles determined by MS, and also by generating a direct
analysis fingerprint of hops. PCA is a multi-component analysis tool that reduces multidimensional
data into a small set of variables by principal components. The second part of the research goal of
variety differentiation involves building a direct-analysis PS-MS and LS-MS fingerprint database for
hops.
Some distinguishing features of the PS mass spectra include:
The ratio of the four main hops acids to each other (m/z 347, 361, 399, 413), are
indicative of the α/β ratio and cohumulone ratio.
The presence of oxidation/degradation (m/z 317, 331, 377, 429, among others)
products, are indicative of the hops acid stability, and different varieties have different
storage stabilities. (See Appendix 1 for a complete listing.)
The presence and abundance of polyphenolic compounds (m/z 745, 761, 812, 1109,
1123, 1461, 1622, 1871) are also unique to each variety.
5.2. Principal Component Analysis (PCA)

5.2.1. Experimental Design
In this study, hops extracts were prepared in IPA solvent, from either pellet or leaf forms,
and spotted onto a paper triangle, and 50μL of MeOH spray solvent was applied. Three to four
spectra per variety were acquired in negative ion mode, and spectra were obtained between m/z
100 to 2000. The resulting intensities of selected ions were recorded and a Principal Component
Analysis (PCA) was performed to determine which components have the most significance in
differentiating the hops varieties. The PCA analysis was carried out using Minitab software, version
16.1.1. The PCA was done in covariance mode, which is an appropriate mode to use because all of
the data input into PCA was on the same scale. Covariance is a measure of how much two random
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variables change together. A total of 167 ions (variables) were used in the PCA analysis, and
included the four major analogs of hops acid ions (m/z 347, 361, 399, 413), along with many of the
hops acid derivatives (a comprehensive list of these derivatives can be found in Appendix 1. ), and
selected ions between m/z 100-2000. All ions included in the PCA analysis are listed in Table 5.1. In
PCA analysis, many terms can describe the process of data reduction, and include Loading plot,
Eigenvalues, Scree plot, and Score plot. A loading plot shows how each variable loads on the
components; however, significant factors cannot be determined just based on plot; we need tables
and numbers to confirm the number of significant components. Eigenvalues can determine the
number of components that should be used. If an eigenvalue >1, then those components are
significant. A Scree plot is a reflection of Eigenvalues, and a Score plot graphs second principal
component scores against the first component scores.
Table 5.1. List of Negative Mode Ions (m/z) Used for PCA Analysis
205
311
325
331
339
347
125
348
349
361
362
363
371
385
399
400
401

411
412
413
414
415
424
429
443
459
461
463
475
477
489
495
496
497

532
540
546
552
558
559
566
567
624
638
639
654
655
668
676
678
692

693
694
695
696
697
708
709
722
723
731
745
747
748
760
761
762
763

770
774
784
798
812
824
826
937
938
939
940
951
953
954
967
968
1079

1080
1081
1082
1093
1094
1095
1096
1097
1098
1107
1108
1109
1110
1111
1112
1113
1123

1124
1125
1126
1177
1191
1259
1339
1311
1312
1313
1353
1402
1416
1451
1452
1453
1454

1455
1460
1463
1462
1464
1465
1466
1467
1468
1469
1470
1477
1479
1480
1481
1482
1483

1495
1496
1497
1509
1510
1511
1523
1603
1604
1607
1613
1619
1620
1622
1671
1685
1731

1788
1825
1840
1843
1844
1856
1857
1858
1860
1870
1871
1873
1885
1898
1952

5.2.2. Results and Discussion
The results from the data acquired by PS-MS and the PCA analysis are shown in Figure 5.1.
The results show that each variety is grouped together, which includes both the leaf and pellet
extracts. The samples of each variety are circled to illustrate the effectiveness of variety grouping
and differentiating. The loading plot follows (Figure 5.1b), and describes which characteristics ions
are the most significant in differentiating varieties. In the loading plot, it can be seen that the hops
acids (m/z 347,361, 399, and 413) have the most impact on the variety differentiation. Other ions
that are also important in the differentiation include m/z 362, 414, 812, 826, 798, 1109, and 1123.
For the first component, ions m/z 347,361, 362, 1109, 1123 have positive correlation, and ions
413,414, 399, and 812 , 826, have a negative correlation. For the second component, m/z 347, 361,

76
362, 399, 413, 812, 1109, 1123 all have positive correlation. This can be translated to, for example,
if 413 goes up 1 unit, then the 1st component goes down 0.5 units, but 2nd component goes up by
0.3 units. The score plot only shows the first two components, but there may be more principal
components (PC) that are important for data dimension reduction. To determine the number of
PC's, the Eigenvalues of PC1, PC2, PC3, PC4, and PC5 were inspected, and those components with
Eigenvalues ≥1 were considered significant. A Scree plot (Figure 5.1c) shows each of the
components plotted against their Eigenvalues. Generally, it is acceptable to have the data
dimensions reduced to 3 PC's, but 5 PC's may be used in a more conservative approach. After
inspection of the Eigenvalues, it was found that 84.2% of the variance could be explained by 3 PC's,
and 96.2 % of the variance could be explained by 5 PC's. Generally, a 80% accounting of the
variance is acceptable, and therefore our data can be explained using the first three principal
components.
PCA analysis is useful to show if a relationship exists among the different varieties, and can
help to discover what characteristics (relative intensities of ions) of that variety are important for
differentiation. However, PCA alone cannot be used to classify an unknown variety. To distinguish
between varieties, the most predominate ions shown in the PCA loading plot were used to generate
pie charts for each variety, and included ions m/z 347, 361, 399, 413, 798, 812, 826, and 1109
(Figure 5.2). These pie charts represent the relative intensities of the selected ions only (not the
weight percentages) and shown here are the distributions of humulone, cohumulone, lupulone, and
colupulone, along with ions m/z 798, 812, 826, and 1109 of hop pellet extracts, prepared in IPA
solvent, diluted in MeOH, and analyzed by PS-MS with MeOH spray solvent. It is clear that
distinguishable differences can be observed between the different pellet varieties in terms of α- and
β-acid content, and also the other ions in the pie charts. The ions that were determined to be
important differentiators in the PCA analysis, also contributed to differentiation in the direct
analysis fingerprinting.
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Figure 5.1. PCA results from PS-MS analysis of all pellet and leaf extracts. a) Score plot shows that
each variety is grouped together. b) Loading plot shows the significant factors that
separate the varieties by either a positive of negative correlation, and include m/z 399,
413, 812, 826, 1109, 798, 347, 362, 361. c) Scree plot determined how many principal
components are significant for data dimension reduction.
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Figure 5.2. Distributions of relative intensities of significant ions determined by PCA of hop pellet
extracts. Six different varieties are shown, and differences are observed in the
distributions of humulone, cohumulone, lupulone, and colupulone, along with ions m/z
798, 812, 826, an 1109 of hop pellet extracts. (Note: the percentages represent the
relative intensities, not the w/w %.)
5.3. PS-MS Fingerprint Database of Hops Varieties
5.3.1. Experimental Design
For PS-MS, all extracts were prepared in IPA, followed by a 10X dilution. Next, 2.5 μL of the
extract was spotted on the tip of a paper triangle cut from chromatography paper, and fixed 5 mm
away from MS inlet, and 50 μL of MeOH spray solvent was applied. For LS-MS, all leafs were cut to a
sharp point and fixed 10 mm away from MS inlet, and 10-15 μL of MeOH was applied, and the
volume varied based on the size of the leaf. Table 5.2 summarizes the hop varieties that this
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database includes, and by which method they were analyzed: PS-MS (pellet extract), PS-MS (leaf
extract), and LS-MS. Note, ion m/z 205 and 411 m/z corresponds to ibuprofen, which was used as
an internal standard for quantitation purposes. (See section 4.4.8.1.)

Table 5.2. List of Hop Varieties and Types of Analyses
Variety
Centennial
Brewer's Gold
Simcoe
Czech Saaz
Mt. Hood
NZ Nelson
Willamette
Cluster
Magnum
Nugget

PS-MS
(pellet extract)
X
X
X
X
X
X

X
X

PS-MS
(leaf extract)

LS-MS

X
X
X
X

X
X
X
X

5.3.2 Results and Discussion
The direct analysis fingerprints for ten different hops varieties (listed in Table 5.2) are shown
here, and the estimated composition of the varieties can be found in Chapter 3.2. Figure 5.3 show
PS-MS fingerprint of hop pellet extracts. Differences in the ratios of α- and β- acids were observed,
along with differences at higher mass ranges. Figure 5.4 compares PS-MS (leaf extracts) to LS-MS
data for two varieties Cluster and Willamette. Differences in fingerprint MS were observed between
the two varieties; the β-acids (m/z 399, 413) were more dominant in Cluster, while α-acids (m/z 347,
361) were more dominant in Willamette. In Figure 5.5, the direct analysis PS-MS (pellet and leaf
extracts) and LS-MS fingerprints of Nugget and Magnum varieties are compared. Magnum and
Nugget varieties have similar α- and β-acid composition, and this was observed in the MS, where
similar ratios of α/β acids was observed. For all spectra shown here, the LS-MS intensity was much
lower than the PS-MS intensity, and this can be explained by the position of the leaf tip and the
curvature of the leaf in respect to the MS inlet. The reason for placing the leaf further away from
the tip was explained in section 4.3.2.3.

Figure 5.3: Direct analysis of hop pellet extracts in IPA solvent, by PS-MS using MeOH spray solvent.
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Figure 5.4. Direct analysis of hop leaf extracts in IPA solvent, by PS-MS compared to LS-MS, using MeOH spray solvent. The intensities from
PS-MS is higher than LS-MS. LS-MS and PS-MS spectra for Willamette and Cluster look similar.
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Figure 5.5. Direct analysis of by PS-MS of leaf and pellet extracts (IPA extraction solvent), compared to LS-MS (MeOH spray solvent). Magnum
and Nugget have similar α- and β-acid content, and the spectra show similar ratios.
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5.4. Conclusion
The PCA analysis showed that ions m/z 347, 399, 413, 414, 361, 362, 798, 812, 826, 1109
and 1123 are important for differentiating hop varieties. The importance of ions m/z z 347, 399,
413, 414, 361, 362 were expected, since variety manuals currently use these characteristics (%α%β-acid, α/β ratio, and cohumulone ratio) to classify varieties. However, there is much overlap in
these variety manual identifiers, so our research sought to find other characteristics that can
distinguish these varieties. Additional important ions for differentiation (m/z 798, 812, 826, 1109,
and 1123) were identified which should in future improve the accuracy of variety identification.
Initial efforts towards developing a direct analysis PS-MS fingerprint database of a few hops
varieties indicate what differences in mass spectra can be expected. Some observed differences
align well with the outcome of the PCA analysis where the loadings plot indicated which ions can be
used to differentiate varieties. It was also found that the PS-MS and LS-MS spectra of the same
variety were similar, and therefore, either LS-MS or PS-MS can be used effectively to determine a
variety. More confidence is associated with PS-MS, but LS-MS is much faster.
The preliminary results shown here indicate that variety differentiation by a fingerprinting
technique using PS-MS or LS-MS holds promise. The sample size will need to be increased for each
variety, and more samples from different sources will need to be analyzed to verify the reliability of
the method.
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CHAPTER 6
CONCLUSIONS
6.1. Summary
Due to the widespread popularity of local brewing and hops growing, there is a need to
provide a fast and economical means for hops analysis. In this research, we have presented
preliminary results for two methods PS-MS and LS-MS, which greatly decreases the time that hops
analysis methods require, and also uses 100 times less solvent than standard methods. We have
shown that comparable quantitative amounts of α- and β-acids could be determined by PS-MS,
relative to standard hops analysis methods. We have also demonstrated that LS-MS is a very fast
and easy means to acquire qualitative information on hops. After preliminary optimization of the
PS-MS method for hops acid quantitation, we also applied this technique for variety differentiation
using a PCA analysis, and found that several ions were considered significant to differentiate these
varieties.
6.2. Optimization of PS-MS and LS-MS
The parameters that were investigated included: spray solvent composition and volume,
amount of applied voltage, and distance to MS-inlet. The details of these optimization results can
be found in Chapter 4. A stable signal could be observed for both PS-MS and LS-MS. Reproducible
results were achieved with PS-MS, however difficulties were encountered in LS-MS, due to the
different shapes, sizes and curvatures of the hops bracts. A key feature of LS-MS is the ability to
extract different compounds by using solvents of varying chemical composition. Quantitation of the
hops acids could not be achieved by LS-MS, due to the inability to adequately incorporate an
internal standard. However, LS-MS is a simple and fast technique for qualitative analysis, and more
investigation may allow this technique to be used for quantitative purposes in the future.
6.3. Evaluation of PS-MS Accuracy
Standard variety characteristics were determined by PS-MS such as %α- and β-acids, α/β
ratio and cohumulone ratio. In Chapter 3, a standard hops methods developed by ASBC (Hops-6, UVVis) was implemented. A modified Hop-6 method was devised to reduce the large amount of
consumables that the original Hops-6 method required. The accuracy of standard variety
characteristics were compared to UV-Vis determined quantities. There was up to a 30% difference
in some cases, and this could be ascribed to factors such as aging of samples and problems with the
calibration standard.
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6.4. Problems Encountered with Quantitative Analysis
Hops acids are highly susceptible to oxidation and degradation, especially if exposed to light,
oxygen, or stored at temperatures greater than 4°C.
Hops pellets are much more homogeneous and are less likely to degrade/oxidize than hop
leafs, so the quantitation of the leaf extracts were less accurate than the pellet extracts.
The calibration standard was difficult to work with due to its inhomogeneous nature, and
was solid resin at room temperature. Multiple heating and cooling cycles of the stock
caused degradation of hops acid content.
Internal standard was applied in the spray solvent, rather than incorporating into the
extract.
6.5. Application of PS-MS and LS-MS to Variety Identification
PS-MS was selected as the optimal method for PCA analysis (Chapter 5) as a means to
differentiate between varieties, and direct analysis fingerprint mass spectrum were generated using
11 hops varieties. Some varieties analyzed were in both pellet and leaf form, and from different
sources. The PCA results showed that 8 different ions were considered significant in differentiation
between varieties. Four of the ions considered most significant were the hops acids (m/z 347, 361,
399, and 413). Additional important ions for differentiation (m/z 798, 812, 826, 1109, and 1123)
were identified which should in future improve the accuracy of variety identification. More work is
needed to determine the identity of these ions.
6.6. Recommendations for Future Work
The accuracy of the calibration curves could be improved by incorporating internal standard
into the sample, rather than applied in the spray solvent.
A more precise means of measurement should be used for distance of paper or leaf tip to
MS inlet, which significantly contributes to the magnitude of the signal intensity.
To improve PS-MS accuracy assessment by UV-Vis, samples should be prepared in similar
solvents, and analyzed immediately after one another.
Investigate quantitation of hops acids by LS-MS.
Sampling method should be shown to be representative of the sample, by making several
extracts from the same variety.
More samples should be analyzed from the same varieties and different sources. This will
improve the reliability of the PCA analysis and direct analysis fingerprint database.
A comprehensive qualitative analysis should be conducted to determine the identity of
higher mass compounds, including those considered significant by PCA. This could be done
by using an instrument with a higher mass accuracy, such as a TOF, along with
fragmentation studies.
Investigate a solvent elution series for LS-MS to extract different compounds.
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6.7. Final Conclusion
This preliminary work in developing PS-MS and LS-MS methods for the detection of hops
show great potential for future quantitative applications. PS-MS has shown to be reproducible, and
semi-quantitative. More work in developing the PS-MS method is needed to improve the accuracy.
LS-MS can acquire data in a matter of seconds, and provides efficient acquisition of qualitative data.
These PS-MS and LS-MS methods could also be amended to suit other applications, which may be
beneficial to biologist.

Appendix A
Comprehensive Listing of Compounds Detected by Negative Ion Mode ESI in Hops and Beer,
Including Hops Acids, Hops Oxidation/Degradation Products,
Polyphenolic Compounds, and Fatty Acids
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Comprehensive Listing of Compounds Detected by Negative Ion Mode ESI in Hops and Beer,
Including Hops Acids, Hops Oxidation/Degradation Products,
Polyphenolic Compounds, and Fatty Acids

Table A1.1. Hops Acids Hops Oxidation/Degradation Products, Polyphenolics
Compound

m/z

Fragments

Hops acids
Cohumulone
347
329, 278
Humulone
361
343, 292
Colupulone
399
330, 287, 276, 262
Lupulone
413
369, 344, 301, 276
Hops acid oxidation/degradation products and other derivatives1
hydrotricyclo lupulone epimers
429
Colupulone epimer
443
Cohulupone (oxidation product)
317
hulupulone/adhulupulone overlap
331
Humulinone/adhumulinone overlap
377
cohumulinone
363
adhumulinone
376
posthumulone
333
prehumulone
375
oxidation of cohumulone (2 O's)
379
oxidation of adhumulinone/humulinone
overlap
393
oxidation of humulinone (3 O's)
425
oxidation of humulinone (4 O's)
427
Polyphenols
Flavanols
Desmethylxanthohumol (DMX)
354
245, 233, 2192
Xanthohumol (XN)
354
265, 247, 233, 1192
Isoxanthohumol (IXN)
354
265, 247, 233, 1192
Techtochrysin3
268
Apigenin3
270
3
Galantin
270
Pinobanksin3
270
Naringenin3
272
3
Genkwain
284
Luteolin3
286
Caempherol3
286
Eriodictyol
288
8-Methoxycaempherol3
300
Kea 3-methylether3
301
Hesperetin3
302
3
Morin
302
Quercetin3
302
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Table A1.1—Continued
Flavanols, continued
m/z
3
Isorhamnetin
316
Kve 3-methylether3
316
Myricetin
318
Quercetin-3,3′ dimethylether
330
Quercetin-3,7-dimethylether
330
Rutin3
610
(−)-Catechin3
290
3
(−)-Epicatechin
290
(−)-Catechin gallate3
442
(−)-Epicatechin gallate3
442
3
6,8-Prenylnaringenin
340
Desmethylxanthohumol3
340
Xanthohumol C3
352
3
5,7-Di-O-Me-8-prenylnaringenin
368
4-O-Methylxanthohumol3
368
Xanthohumol B3
370
3
Xanthohumol D
370
Xanthohumol E3
407
3-Geranylchalkonaringenin3
408
6-Geranylnaringenin
Compound

8-Geranylnaringenin3
6,8-Diprenylnaringenin
3,5-Diprenylnaringenin

245, 205, 1792
245, 205, 1792

245, 233, 2192

408

Prenylxanthohumol3
Proanthocyanidin (trimer)2
Proanthocyanidin (trimer)2
Proanthocyanidin (trimer)2
Prodelphinidin B32
Procyanidin B1, B2, B3, B4

Fragments

2

422
Proanthocyanidins
866
866
593
577

Flavanoid Glycosides
quercetin-3-hexosylrutinoside2
771
quercetin-3-dihexoside2
625
2
quercetin-3-rutinoside
609
Kaempferol-3-rutinoside2
593
quercetin-3-acetylhexoside2
506
2
Kaempferol-3-acetylhexoside
490
quercetin-3-hexoside2
463
Kaempferol-3-hexoside2
447
2
Multifidol glucoside
358

713, 695, 575, 407
739, 695, 577, 289
575, 467, 425, 289
451, 425, 407, 289
609, 591, 301
463, 301
301
327, 284, 257
463, 445, 301
327, 285, 284
327, 285, 284
327, 285, 284, 257
196
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Table A1.1—Continued
Phenolic Acids
Compound
3

Vanillinic acid
Delphinidin3
Salicylic acid3
Protocatechuic acid3
p-Coumaric acid3
Caffeic acid3
Ferulic acid3
Gallic acid3
Chlorogenic acid3

m/z
244
627
138
154
164
180
194
170
354

Fragments

Table A1.2 Fatty Acid Composition of Hops4

Lauric acid
Myristic acid
Palmitic acid
Palmitoleic acid
Steric acid
Oleic acid
Linoleic acid
Arachic acid
Gadolinic acid

Molecular
weight
280
228
256
254
284
282
280
312
310

Length of
Carbon Chain
12
14
16
16
18
18
18
20
20
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